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ABSTRACT 
 
What Makes the Lysis Clock Tick? 
A Study of the Bacteriophage Lambda Holin. (May 2008) 
Rebecca Lynn White, B.S., University of North Texas 
Chair of Advisory Committee: Dr. Ryland F. Young, III 
 
 The timing of host lysis is the only decision made in the bacteriophage lytic 
cycle.  To optimize timing, double-stranded DNA phages use a 2-component lysis 
system consisting of a muralytic enzyme, the endolysin, and a small membrane protein, 
the holin, which controls the timing of lysis.  The best characterized holin gene to date is 
the S gene of bacteriophage λ.   
One unusual feature of the S gene is that it produces two proteins of opposing 
function: the holin, S105, and the antiholin, S107.  Raab et al isolated and characterized 
a number of S mutants, but all of them expressed both the holin and the antiholin; it is 
possible, then, that the true extent of the holin-holin interactions were masked by 
interactions with the antiholin.  Thus, a large number of S105 mutants were created, and 
their phenotypes characterized in the absence of the antiholin.   The interaction between 
those mutants and the wild-type were examined in an attempt to better understand what 
determines the timing of hole formation by S105. 
S105 and S107 differ only by two amino acids at the N-terminus; S107 has an 
additional Met-Lys sequence.  Previous studies have shown that S107 may have a 
 iv
different topology to S105, where the N-terminus of S107 is located in the cytoplasm 
and is cannot flip through the membrane because of the extra cationic side chain.  This 
study investigates the role of the N-terminal transmembrane domain of the S proteins in 
terms of hole formation and its role in the antiholin character of S107. 
Previous results suggest that S105 forms hole via a large oligomeric structure 
termed the “death raft”.  The death raft model states that after S105 is inserted into the 
membrane, it forms “rafts”, which grow in size until a spontaneous channel forms 
leading to depolarization of the membrane and hole formation.  This study investigates 
the pathway of hole formation at the single-cell level, using a C-terminal fusion of S105 
and green fluorescent protein, and attempts to address several of the predictions posed 
by the death raft model. 
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CHAPTER I 
INTRODUCTION 
 
Lysis by dsDNA bacteriophage  
Bacteriophage, or phage, are intracellular bacterial parasites that commandeer 
bacterial cells for the production of progeny virions.  For many phage, release of 
progeny is achieved by lysis of the host cell.  It is not generally appreciated that, in a 
phage infection, lysis of the host cell is a programmed event.  In fact, other than the 
lysis-lysogeny switch affected by temperate phages, the decision of when to lyse the 
host, and thus terminate the infection and release the progeny virions, is the only 
decision of consequence.  All other events, including macromolecular synthesis and 
morphogenesis, have presumably evolved to proceed at an optimal rate, to maximize the 
accumulation of progeny in the infected cell.   
In the evolutionary search for a perfect lysis time, environmental factors are 
critical, as can be seen from considering the boundary conditions (79).  In a “host-rich” 
environment, curtailing the infective cycle and accepting a reduced production per cell, 
is advantageous because the released progeny can begin new infections, thus allowing 
exponential increase in progeny.   Conversely, in a “host-deficient” environment, 
extending the infective cycle to allow more particles to assemble is advantageous, 
because the released progeny would not likely be able to begin new infections.   Thus for 
billions of years, the lysis systems of bacteriophage have been selected by rigorous,  
____________ 
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opposing evolutionary pressures (79).  As a result of these pressures, double-stranded 
DNA (dsDNA) tailed bacteriophage have evolved a two-component, “holin-endolysin” 
system to effect host lysis in a programmed manner capable of adjustment to changing 
physiological conditions in both a real-time and evolutionary sense (80). 
The endolysin is a phage-encoded muralytic enzyme that degrades the cell wall 
of the host.  For many phages, including λ, the endolysin is a soluble cytoplasmic protein 
that requires the holin to access the cell wall.  The holin is a small membrane protein that 
forms lesions in the inner membrane of the host cell, allowing the endolysin access to its 
substrate, the cell wall.   The process of lesion formation will be called “hole formation” 
in this work, although the nature of the holin-induced lesion is not understood at the 
molecular or cytological level.  The holin accumulates in the inner membrane without 
harming the host until, at an allele-specific time, the lesion is formed and the endolysin 
is released to degrade the cell-wall, and subsequently cause the host cell to lyse.  Hole 
formation occurs suddenly, without prior deterioration in membrane integrity or the 
proton motive force (pmf), and precedes lysis by only the few seconds it takes for the 
released endolysin to degrade the cell wall (38).  Hole formation can be effected 
prematurely by depleting the pmf, either by stopping the aeration of a culture in which 
cells are expressing the holin, or by adding an energy poison such as dinitrophenol 
(DNP) or potassium cyanide (KCN).  In any case, the timing of host cell lysis, and thus 
the release of progeny, is determined by the kinetics of hole formation, a parameter that 
is uniquely defined by the primary structure of the holin protein.   
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The bacteriophage λ lysis cassette 
For bacteriophage lambda (λ), the lysis genes are found in a cluster immediately 
downstream of the late (PR’) promoter (Figure 1.1).  The S gene encodes two proteins of 
opposing function: the 105 residue holin (S105), which has three transmembrane 
domains (TMDs) and a predicted N-terminus-out, C-terminus-in topology, and the 107 
residue antiholin, S107 (34) (Figure 1.2).  This “dual start motif”, where both the holin 
and antiholin are expressed from the same coding sequence with only small differences 
in the resulting proteins, occurs in many dsDNA phage genomes, although λS was the  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1.  The λ lysis cassette and dual start motif. 
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first example discovered and is the most well-characterized (11), and S105 is the 
prototype for the Class I holins (Figure 1.2).  Excluding the antiholin, previous studies 
have failed to find any host (R. Young, unpublished data) or λ proteins (30) with which 
the holin interacts.  It has been shown that lysis timing by S is a genetically programmed 
event; there are missense alleles of the S protein that exhibit lysis times ranging from 11 
minutes to more than 2 hours (36-37, 43, R. White, et.al, unpublished data).   A null 
mutation in S extends the vegetative cycle so profoundly that at least ten-fold more 
progeny accumulate intracellularly compared to the yield in a wild-type infection (80).  
No other λ gene has a comparable phenotype, indicating that S alone determines when 
the infection is terminated by killing of the host (60).   
 
 
 
 
 
 
 
 
 
 
The R gene overlaps the S gene by 17 nts in a +1 reading frame.  The R endolysin 
is a 158-residue, 17 kiloDalton (kDa) transglycosolase; it cleaves the MurNac-GlcNac 
Figure 1.2. The three holin classes.  Class I holins have 3 TMDs with N-out, C-in 
topology, Class II holins have 2 TMDS with N-in, C-in topology, and Class III holins 
have 1 TMD with N-in, C-out topology. The prototypes for each class are listed. 
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glycosidic linkage of the cell wall, releasing a non-reducing disaccharide (24, 86-87).  
The products of the accessory genes Rz and Rz1 have no known function, and to date are 
only known to be required for lysis in the presence of divalent cations (78).  Both Rz and 
Rz1 are required for lysis in the presence of divalent cations, and genetic evidence 
suggests that the two proteins interact (78).  The Rz gene overlaps the R gene by 1 
nucleotide, and the Rz1 gene is entirely embedded in the Rz gene in a +1 reading frame.  
The normal lysis time of λ is approximately 50 minutes under standard laboratory 
conditions (LB medium at 37˚C with aeration), and yields approximately 100 virions per 
cell.   
 
History of the S gene 
The first mutations in S (ts68 and ts9B) were isolated in 1967 by Harris et al., as a 
unique class of mutants that did not cause lysis of the host cell, but accumulated 
endolysin activity to normal levels (39).  Interestingly, one of the mutants, ts9B, showed a 
delay in normal lysis timing under permissive conditions and both mutants showed a 
significant increase in phage production (ts68 was found to be completely lysis defective) 
(39, 59).   Mapping of these mutants and others isolated later indicated a previously 
unidentified cistron between the Q and R genes. (39, 59).  The authors proposed that the 
product of this newly identified cistron must contribute to host cell lysis, and that the 
activity affected by the product of this gene is required for lysis of λ infected cells (39).  
This new gene was designated “S” (49).  Non-sense S mutants isolated by Goldberg and 
Howe (most notably, λSsus7, later called λSam7) also exhibit the characteristics first 
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observed in ts mutants, and proved to be useful for isolating large quantities of λ DNA 
since they accumulate progeny to large excess (31, 59).  Given that these mutations were 
suppressible, it was suggested that the product of the S gene was a protein.  Since null 
mutations in S allowed cell growth to continue long after the normal lysis time, the 
effects of mutations in S on DNA synthesis and oxygen uptake were investigated (2, 59).  
It was determined that DNA synthesis continued to increase following the induction of 
an S- lysogen, but decreased after induction of an S+ lysogen.  Expression of the S gene 
also caused cessation of oxygen uptake, which explained why a mutation in the S gene 
would allow the host cells to continue to grow.  Since 1) termination of DNA replication 
and oxygen uptake did not occur immediately after the expression of S (2), 2) 
suppression of the non-sense mutants isolated by Goldberg and Howe required a strong 
amber suppressor (31), 3) the percentage of wild-type λ in a co-infection with a λ S 
mutant dictated the extent of lysis (59), and 4) S-mutant phage were inefficient in 
complementation tests (59), it was concluded that S gene dosage is important for its gene 
product function possibly because product accumulation was required for its function.   
Later studies by Reader and Siminovitch (60) found that S gene expression lead 
to the cessation of host cell respiration, and were the first to show that lysis could be 
prematurely affected by the addition of an energy poison such as cyanide (CN-) or 2,4-
dinitrophenol (DNP) (60).  Additionally, they showed that expression of S caused 
plasmolysis and treatment of these cells caused the cytoplasmic contents of the cells to 
leak out.  Attempts to create spheroplasts from cells expressing S resulted in the 
immediate reduction of cells to debris.  The authors concluded that the S gene product 
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physically alters the membrane to allow the endolysin access to the cell wall, and that 
this alteration, prior to the action of the endolysin, is necessary for lysis (60).  This 
conclusion was validated by studies that indicated that release of periplasmic enzymes 
such as alkaline phosphatase require both S and R and that while the R product was 
present in cells expressing R but not S, it could not degrade the cell wall and cause 
release of periplasmic proteins in the absence of S (6).  These studies also showed that 
the R product could cause lysis from the outside of the cell in the absence of S provided 
that the outer membrane was destabilized with ethylenediaminetetraacetic acid (EDTA).  
The authors concluded the inner membrane acted as a physical barrier to prevent R-
dependent degradation of the cell wall, and that S eliminates this barrier to allow R 
access to its substrate.  Interestingly, the authors also noted that the small release of 
periplasmic proteins seen in the induction of S+R- lysogen is probably due to the release 
of bacterial lytic enzymes when S damages the membrane (6), indicating that the inner 
membrane damage caused by S is at least somewhat non-specific.  
Studies of the S gene by Rolfe and Campbell (8, 14, 63-64) seem to indicate that 
S had some interaction with TolB, either directly or indirectly.  TolB is a component of a 
multi-protein complex that transports Group A colicins into cells, killing them (1).  In a 
tolB- background, S was not necessary for lysis and λS- phage exhibited a 1000-fold 
higher plating efficiency (e.o.p.) on tolB- strains than on tolB+ strains. (8, 63).  Further 
experiments showed that addition of chloramphenicol, like the addition of CN- or DNP, 
could prematurely cause lysis of λ infected cells, but did so in both λS+ and λS- 
infections, and in λS+ infections, the addition of chloramphenicol blocked the ability of 
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CN- or DNP to cause premature lysis (14); in the tolB- background, however, 
chloramphenicol has no effect on lysis.  Additionally, the authors note that shifting an 
induced lysogen to 48°C in the latter portion of the latent period causes premature lysis.  
Based on these results, the authors believed that t an inhibitor of S is also required for 
proper lysis function.  λrex, which was only known to mediate exclusion of phage T4 rII 
mutants at the time (48), was proposed to be the inhibitor, since the host mutants that 
allowed for λS- phage to plate in the absence of suppression also hindered the exclusion 
of T4rII phage plating by λrex+ prophage.  In their model, λrex functioned to inhibit S-
dependent lysis by creating an energy pathway with which the phage could coordinate  
intracellular processes, environmental conditions, and progeny production (14).  Further 
efforts to characterize the function of λrex in host cell lysis revealed that rex was not 
essential for lysis under normal laboratory conditions, but did affect timing under 
different growth conditions (64); however, similar effects in lysis timing were observed 
for other λ mutants.  Experiments to further characterize a number of λS and other 
mutants, as well as the effects of λrex and tolB on lysis timing, revealed no clear 
interaction between rex and S or tolB and S, although the authors conclude that the role 
of rex is to insulate the lysis regulator from factors that would disrupt lysis timing 
(therefore making it dispensable under normal growth conditions).  Later studies of λrex 
showed that the λrex locus encodes two proteins, RexA and RexB (48), which function 
as a two component system to effect exclusion of other phage, and this exclusion is 
dependent on the ratio of the two proteins (53).  RexB has also been show to interact 
with ClpP and to prevent the degradation of the λO protein.  Given the multiple 
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functions of RexB, and the pleiotropic effects of tol mutations, it is likely that the rex 
phenotypes exhibited by the tol mutants tested had nothing to do with the S phenotypes 
exhibited, and instead were coincidental.  Also, given that tol mutations have been 
shown to cause leakage of periplasmic proteins and to decrease the integrity of the cell 
envelope (7), it is likely that the compromised envelope of tolB mutants make them more 
fragile or more susceptible to the stress produced by the continuous production and 
accumulation of progeny phage, which would account for the phenotypes reported by 
Rolfe and Campbell (8, 14, 63-64).  Nonetheless, this does not explain the reported 
ability of λS- phage to plate on other host mutants, such at cya, uncA, mutU, or uvrD 
(63), although these experiments have never been reproduced.  It is likely that these 
mutants exhibit pleoitropic effects that allow λS- phage to plates.  Experiments by 
Garrett et al. (29) using the cloned λ lysis cassette could not reproduce any of the effects 
of chloramphenicol on S- cells, which suggested that the effect of chloramphenicol was 
caused by the deterioration of the host due to the stress of progeny production, rather 
than an independent lysis system.  Furthermore, this study showed that lysis timing is 
solely dependent on the S gene since expression of the cloned lysis genes occurred in the 
absence of all other λ genes (i.e., λrex).  It did not, however, rule out the possibility that 
host proteins might affect S function (29). 
Although these early studies postulated that S acted on the membrane, S was first 
formally proposed to be a 15 kDa membrane protein by 2-D PAGE (84), although later 
studies were unable to confirm the identity of the protein identified by 2-D PAGE, and 
instead showed that S was in fact an 8.5 kDa membrane protein (4-5, 87).  Although this 
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apparent molecular weight is somewhat smaller than the predicted molecular weight, this 
irregularity can be accounted for by the highly hydrophobic nature of the protein, which 
can cause proteins to migrate at a lower apparent molecular weight on SDS-PAGE (5).  
S function was also shown to robustly inhibit active transport of α-methyl glycoside, 
proline, glutamine, and fructose in whole cells and membrane vesicles, and that 
inhibition occurred within minutes of lysis (84).  Experiments using the cloned λ lysis 
cassette showed that PEP-phosphotransferase system dependent transport of glucose was 
also inhibited by S function (30).  Additionally, S permeabilized the membrane to 
sucrose, glycine, sodium chloride (NaCl), and polyethylene glycol (PEG) 6,000, as well 
as the nucleotide pool and metabolic intermediates from inside of the cell.  Notably, 
although S activity inhibited respiration, it does not do so by directly inhibiting the 
respiratory chain; rather, the leakage of components from inside the cell prevents the 
formation of NADH and thus interrupts electron transport.  Assays of membrane protein 
activity in inverted membrane vesicles showed that activities for several membrane 
proteins required for respiration and energy production were unaffected by S, again 
indicating an indirect effect of S on respiration (84).  The endolysin, R, is trapped inside 
the cell, as evidenced by the fact that it was not released by osmotic shock but was 
released by methods that damage the inner membrane.  Thus, authors proposed that S 
formed a channel through the inner membrane, allowing the passage of the endolysin 
into the periplasm and leakage of the cytoplasmic contents (i.e., ATP and other 
molecules), thereby causing cessation of respiration.  Importantly, the authors noted that 
this model allows for the accumulation of large amounts of endolysin in the cytoplasm, 
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which explained the ability of the phage to rapidly degrade the cell wall at the time of 
lysis, and that this would minimize the time of the progeny phage in a dead host (84).  
Based on the experiments using the cloned λ lysis cassette, it was also proposed that S 
must accumulate to a certain level in order to “trigger” lysis; that is, to effect lesion 
formation and allow release of the endolysin (30).   
Previous experiments showed that S insertion into the membrane is independent 
of both the sec translocon and the proportion of acidic phospholipids in the inner 
membrane (61).  These results, combined with the fact that no host proteins had been 
shown to interact with S, led to studies of lesion formation by S in different organisms.  
S was shown to be lethal in both Saccharomyces cerevisiae (29) and mammalian cells 
(3).  Surprisingly, expression of S was lethal to both types of cells (29, 3).  Biochemical 
analysis of these cells indicate that S is inserted in the membrane of yeast, as well as into 
the mitochondrial membranes and the endoplasmic reticulum of mammalian cells, 
confirming that S function requires insertion into the membrane.  These results indirectly 
supported the notion that S does not require a host protein to function, although it is 
formally possible that a highly-conserved, essential protein might interact with S. 
Once S was firmly established as a membrane protein essential for lysis, and that 
functioned by permeabilizing the membrane to allow the endolysin access to the cell 
wall, genetic studies were undertaken to explore the molecular mechanisms of S function 
(56, 57).  These studies first focused on non-lethal alleles of S, since these were simple 
to isolate using the cloned λ lysis cassette.  34 alleles in 24 different codons, mostly 
clustered in the first two-thirds of the S coding sequence, were isolated, along with 2 
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nonsense mutations and 3 mutations in the region immediately upstream of the coding 
sequence.  Analysis of these mutations revealed that the S protein most likely had 3 
TMDs, with the N-terminus in the periplasm and the C-terminus in the cytoplasm, and 
although most of the mutations could be rationalized in terms of the resulting changes in 
polarity and charge, a number of the mutations could not be explained (56).  All of these 
mutations, including those upstream of the coding sequence, were then recombined into 
λ in order to characterize them in the context of the phage, and to determine their effects 
on the wild-type protein when the two are co-expressed (57).  Less than half of the 
alleles (75) isolated exhibited a negative dominant character, either partially or 
completely inhibiting the function of the wild-type.  Fourteen of the alleles were 
recessive, having little or no effect on wild-type lysis timing.  The remaining 7 alleles 
caused a synergistic phenotype – that is, they accelerated lysis timing more so than when 
two copies of the wild-type were expressed.  Surprisingly, all three of the upstream 
mutations proved to be dominant (57).  When these upstream mutations were first 
isolated, it was hypothesized that they resulted in decreased translation of S, causing 
them to be non-lethal (56).  However, the dominance exhibited by the upstream 
mutations when co-expressed with the wild-type could not be explained by translational 
defects, and upon closer examination of the upstream region, it was proposed that there 
were actually two proteins produced from the coding sequence (57).  The longer one, 
produced from Met1, was called S107, and the S107 ribosome binding sequence 
(GGGGG) was precluded in a stemloop structure called the sdi (site-directed initiation) 
stemloop.  The shorter product, produced from Met3, was called S105, and the although 
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S105 ribosome binding site was unusual (UAAG), it could be used when the sdi 
stemloop structure was formed.  The two proteins differed only by the Met1-Lys2 N-
terminal extension on S107.  These findings were strengthened by the Met3Ile mutation, 
since it exhibited a nearly complete loss of function, and the Met1Leu mutation, which 
was a more lethal allele (57).  Interestingly, the authors explain the synergistic 
phenotype exhibited by some of the alleles by saying that the mutant protein(s) must 
interact with S107wt to titrate it out, leaving S105wt free to cause lysis (57).  While this 
may explain the in trans effects of the mutant alleles that cause lysis slightly faster than 
the wild-type alone, it does not address those mutants that cause lysis as fast or faster 
than two copies of the wild-type; later studies invalidate the S107wt titration model (36). 
Early attempts to determine the number of S molecules (S105 + S107) per cell 
yielded numbers ranging from the low hundreds to around 5,000 (17).  The translation 
rate of S was determined to be approximately 0.85 molecules per minute per S mRNA, 
which is very low compared to other genes, such as β-galactosidase (17).  The region 
upstream of the sdi stemloop is required for translation of the S proteins (16-17) since a 
deletion of that region, known as Δ119, causes a 10-fold decrease in the overall 
translation of S, and results in poor lysis more than 2.5 hours after induction.  Since the 
wild-type reaches those same levels very early after induction, the authors hypothesize 
that hole formation requires both S accumulation and an appropriate rate of 
accumulation (17).  Taken together, these results indicated that translation of the S gene 
is tightly controlled in order to limit the amount of S produced and the rate at which it 
accumulates. 
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λSA52V (56-57), was used to isolate the first lytic timing mutant of S.  When 
λSA52V was plated, there were a few tiny plaques among the larger, presumably revertant, 
plaques (43).  The phage (called λrj1) from these tiny plaques was isolated and used to 
make a lysogen.  Induction of this prophage caused lysis at 20 minutes, significantly 
reduced burst size, and when the resulting lysate was plated, tiny to pinpoint plaques 
were observed.  The premature lysis defect in λrj1 was mapped to the S gene, and 
sequencing revealed that the mutation was A52G (43).  Further tests of this mutant 
indicated that the A52G mutation did not alter the expression rate of the S gene, nor did 
it affect the accumulation of S in the membrane (although the amount of SA52G at the 
time of lysis was approximately 5-fold less than that of Swt), and it was shown to be 
dominant over the wild-type.  SA52G could be prematurely triggered to cause lysis well 
before the Swt could, indicating that the ability to form holes earlier than Swt also 
conveys the ability to be prematurely triggered earlier (43).  These results indicated that 
timing of lysis is regulated not only by the amount of S produced and the rate at which it 
accumulates, but also by the inter- and intra-molecular interactions of the S protein in the 
lesion-forming complex, which would be dictated by the amino acid sequence of the S 
protein. 
 
The dual-start motif 
 The “dual-start motif”, where one gene in a phage genome encodes both the 
holin and the antiholin and the two differ only by a few amino acids, one of which is 
positively charged, has been found in a number of phages (11); however, the best 
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characterized dual-start motif is that of phage λ.  After the discovery of the sdi stemloop, 
subsequent studies characterized the two translational starts and their respective 
ribosome binding sites (9).  In addition to the sdi stemloop, a second stemloop was found 
approximately 30 nucleotides (nt) downstream of the first translational start (Figure 1.1).  
It was confirmed that both methionine codons were used for initiation (both in vivo and 
in vitro) and the proteins produced by the Met1 and Met3 starts gave different 
phenotypes: S107 was not lytic, and S105 was lytic, and in the absence of S107 
(produced by a Met1Leu mutation), S105 caused lysis slightly faster than Swt.  Further 
studies showed that both proteins were stable and could be detected in in vivo samples, 
and that both were membrane proteins (10).   Additionally, toeprinting assays (16), 
which measure ribosome binding to mRNAs (40-41), showed that the predicted 
ribosome binding sites were corrected, despite the unusual sequence of the S105 
ribosome binding site, and that the two stemloop structures directed initiation.  
Destabilizing the sdi stemloop by mutation, like the ones isolated by Raab et al. (56), 
increases the amount of S107 produced and thus affects lysis timing negatively (9).  
Destabilizing the downstream stemloop also increased the amount of S107 (17).   
S107 was shown to act in trans, and that its antiholin character was dependent on 
the positive charge of the N-terminal extension (10).  Energy poisons caused S107 to 
become lytic, indicating that the collapse of the membrane potential allowed it to cause 
hole formation.  The authors postulated that S107 molecules would retard hole formation 
by interacting with S105 molecules until an oligomer sufficiently rich in S105 formed 
and caused the first pore.  This pore formation would collapse the membrane potential, 
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thus both alleviating the block imposed by S107 and allowing S107 molecules to 
participate in hole formation (10).  Increasing the positive charge of the N-terminal 
extension by either adding additional positively charged residues or by mutating the 
negatively charged residues to neutral ones created non-lytic alleles that could not be 
triggered to cause hole formation by the addition of energy poisons (76).  Mutating the 
N-terminus so that the net charge was either neutral or negative resulted in S107 alleles 
that behaved as holins.  These results indicated that the positive charges on the N-
terminus of S107 prevented it from acting as a holin, and that the N-terminus of S107 
plays an important role in the inhibition of S105.  It was later shown that both S proteins 
require the N-terminus to be localized to the periplasm for hole formation (33-34), and 
that perhaps S107 has an altered topology due to the positive charge of the N-terminus 
(11, 34).  
Since S107 causes inhibition in trans, it seemed that inhibition was caused by 
direct interactions between the holin and antiholin.  Copper phenanthroline (Cu(Ph3)) 
crosslinking was used to show that S107 preferentially heterodimerizes with S105, and 
that this heterodimerization is required for inhibition.  Mutants of S107 that show 
decreased inhibition also show decreased crosslinking (35).  Since S107 preferentially 
heterodimerizes with S105, the ratio of S105 to S107 would be important for regulating 
lysis time.  Altering this ratio has already been shown to have effects on lysis timing, 
with too much S107 causing a delay in lysis and eliminating S107 altogether accelerates 
lysis slightly (9).  Investigations of the ratio of S105 to S107 showed that, at the time of 
lysis, the ratio is approximately 2-2.5:1 (16-17).  The studies also showed the ratio 
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apparently remained constant, which indicated that although the stemloop structures 
present in the S mRNA control the expression of S, there is no temporal regulation of the 
ratio of S105:S107 under standard laboratory conditions (17).   
Although the regulation of S and the λ dual-start motif have been studied 
extensively (10-11, 16-17, 33-35, 76), little is known about the details of the S107 
antiholin’s role in λ lysis, and further studies are needed to elucidate the features of S107 
that convey antiholin character and how it affects hole formation in vivo.   
 
Studies of S105, the λ holin 
More recent studies have focused on S105, the holin, since it is the effector of 
lysis.  Given that no other phage proteins are involved in the timing of lysis (30), and 
that the inter- and intra-molecular interactions of S may play some role in the regulation 
of lysis timing (43), it seemed likely that S105 must oligomerize to affect lesion 
formation.  Oligomerization studies using the cross-linker 
dithiobis(succinimidylpropionate) (DSP) showed that indeed S105 does oligomerize to 
at least octamers (the largest species detectable on SDS-PAGE) (36, 87) and that certain 
non-lytic mutants of S105, such as S105A52V, are blocked after dimer formation. This 
indicated that oligomerization was necessary for hole formation, although since the 
mutant S105R59C showed an identical crosslinking pattern to that of S105wt, 
oligomerization was not sufficient for hole formation (36).  Experiments using the 
cysteine-specific crosslinker copper phenanthroline (Cu(Ph3)) showed, using the native 
cysteine at position 51, that S105 homodimer formation is very strong.  Using a 
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collection of single-cysteine mutants in TMD2, it was also shown that S105 homodimer 
formation is very strong on the opposite side of TMD2, since crosslinking occurred very 
efficiently between I53C and M50C, I53C, and I54C (36), indicating that interactions 
occur on both sides of the S105 molecule.  This same set of single cysteine mutants 
demonstrated conclusively that regulation of lysis timing is programmed into the 
primary structure of the holin molecule; lysis times for the collection ranged from 20’ 
(S105C51S/S76C) to non-lytic (several alleles, including S105C51S/A52C) (36).   Cu(Ph3) 
crosslinking was also used to show that co-dominant alleles, such as S105A52V, and 
synergistic alleles, such as S105A48V, altered lysis timing of the wild-type by directly 
interacting with it.  This nullified the previous hypothesis of S107wt titration since there 
was no S107 present in cells and because the direct interaction was shown biochemically 
(36).  Additional testing of this collection using the cysteine-specific, membrane-
impermeable reagent 4-acetamido-4’-((iodoacetyl)amino)stilbene-2,2’-disulfonic acid 
(IASD), revealed that S105 indeed has three TMDs with an N-terminus out, C-terminus 
in topology (37).  Studies of the cytoplasmic S105 tail region indicated that although it 
was dispensable (62), the distribution of charges in that region can affect lysis timing, 
signifying that the C-terminal domain has a regulatory role in lysis timing, although for 
the most part, lysis timing is controlled by the three TMDs (12). 
Early models of hole formation suggested that accumulation of S caused a leak of 
protons or other ions that depleted the pmf until the triggering point was reached; this, 
however, is not the case.  A tethered cell assay, where cells are tethered to a glass slide 
via the flagella, was used to demonstrate that S105 causes sudden cell death, followed by 
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a few seconds of delay, after which the degradation of the peptidoglycan by R causes 
catastrophic lysis of the host cell (38).  Since flagellar rotation is directly correlated to 
the pmf, the speed at which the cells rotate on the slide is correlated to their pmf (26-27).    
Tethered cells carrying the plasmid-encoded lysis cassette were induced and monitored.  
The rotational speed of the cells remained constant until they suddenly stopped a few 
seconds before lysis.  The point at which they stopped corresponded to holin triggering, 
the delay between triggering and lysis was shown to be dependent on lysozyme activity 
(38).  Additional experiments using DNP showed that holin triggering occurs when the 
pmf has been depleted 30% or more (38).  These experiments were significant because 
they showed that the holin accumulates harmlessly until the time of triggering, leaving 
the host healthy for the entire span of the vegetative cycle.  Furthermore, since they 
showed that triggering occurs rapidly when the membrane is fully depolarized, they 
explain the so-called “sentinel function” of the holin.  A number of phages cause 
temporary depolarization of the membrane when they inject their DNA (32, 46); this 
depolarization would trigger the holin, causing lysis and thus releasing the progeny 
phage already accumulated and resulting in an abortive infection of the secondary 
infecting phage. 
While much has been learned about the regulation of S and its function, almost 
nothing is known about the structure or size of the hole formed. Previous studies indicate 
that it is large enough to allow the membrane to be permeable to PEG-6,000 (84).  The λ 
endolysin, R, has dimensions of 40 x 32 x 32 Å (24), and would require a hole size 
greater than 3 nm in diameter to be released into the periplasm.  A fusion of R and β-
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galactosidase (RΦlacZ), which forms a tetramer with a MW of approximately 500 kDa, 
was released efficiently from cells expressing S105 or S105A52G (81).  This indicated that 
although S105A52G produces much less protein than S105, the holes made by both 
proteins were at least large enough to release RΦlacZ, and that the holes must be at least 
15 nm in diameter (81).  Prematurely triggered S105 was unable to release RΦlacZ, 
which suggested that lesions formed by prematurely triggering the holin are smaller than 
those formed by normal holin triggering (81).  Since the S protein is so small, and the 
holes formed by it appear to be very large, it was proposed that S must form two-
dimensional arrays or “rafts” in the membrane, oligomerize, and then somehow effect 
hole formation (81).   
 
Biochemical characterization of the S105 protein 
Since studying the S105 protein biochemically required purified S105 protein, 
and S105 is a small and hydrophobic protein that is difficult to detect and lethal to cells, 
it was determined that affinity chromatography was the method of choice for purifying 
the S protein (72).  Given the lethal nature of S at low concentrations (only 1,000 to 
2,000 molecules per cell (17)), experiments were first conducted to see if over-
expression of S was even possible.  The S gene was cloned into a T7 over-expression 
vector and cells carrying the plasmid were infected with λCE6 (lambda carrying the T7 
RNA polymerase gene) (71).  Results showed a 100-fold increase in S protein compared 
to expression of S from the native λ context, and the yield from this over-expression was 
approximately 1 µg of S105 protein per ml of induced culture (71).  Since the λ R, Rz 
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and Rz1 gene are expressed in a λCE6 infection and this lead to lysis of the cells, it was 
determined that the BL21(DE3) cell line should be used instead, since the T7 RNA 
polymerase is under the control of the lacUV5 promoter, and induction of that promoter 
with IPTG would not also induce the other lysis genes (77).  Initial experiments showed 
that the basal level of S expression in these cells was toxic, but that fresh transformants 
could be grown in liquid culture and induced.  Induction of S expression caused an 
almost immediate, dramatic and rapid drop in cell viability; and the S protein produced 
was found in the inner membrane fraction and the amount of S was much greater than 
the expression levels of S from λ (71).  The ability of S to “hyperaccumulate” suggested 
that although there is a minimal rate of accumulation required for S function, 
significantly exceeding that rate does not cause the aggregation or oligomerization 
processes, or any conformational changes required to affect hole formation to proceed 
any faster.  This lead to the conclusion that those steps required a minimum amount of 
time to occur (approximately 10 minutes) and that the minimum amount of time required 
was independent of the expression system (71).  Attempts to insert a histidine-tag 
(G2H6G2; His-tag; designated as “τ”) into the S105 gene so that immobilized metal 
affinity chromatography (IMAC) could be used as the purification method yielded 
surprising results.  Only the mutants with his-tag insertions at positions 94 and 88 
showed lysis profiles that were similar to the wild-type, although several more were 
somewhat functional, and showed very late, slow lysis (73).  Since the mutant S105τ94 
showed the lysis profile most similar to wild-type, it was chosen for further study.  
Following IMAC purification, purified S105 was used in a calcein-release assay; S105 
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was added to calcein-loaded liposomes and the release of calcein was monitored by the 
increase in fluorescence.  This experiment showed that S105 did indeed cause release of 
calcein, and did so in a concentration dependent manner.  The non-lytic mutant, 
S105A52V, was also purified and assayed in this manner, and did not cause release of 
calcein (72), indicating that calcein-release by S105 is correlated to the in vivo ability to 
form holes. 
One issue of the calcein release assay was that most of the S105 ended up in 
insoluble aggregates (72).  In an effort to improve the assay, Deaton et al. showed that 
GroEL could solubilize large complexes of S105 and deliver them efficiently to calcein-
loaded liposomes, and that the S105 delivered to the liposomes caused release of calcein 
in a concentration dependent manner (21). Further characterization of purified S105 
showed that in non-ionic or mild zwitterionic detergent, S105 forms rings (67).  The 
thickness of the rings is close to that of the bilayer (67), although the inner diameter of 
the rings is significantly smaller than that of the predicted hole formed by S105 (81).  
Based on protease accessibility studies, it was found that the tertiary structure of S105 in 
rings is similar to that of S105 in inverted membrane vesicles.  While it is not clear that 
the rings are a physiologically relevant form of S105, it is clear that the ability to form 
rings is correlated to the in vivo ability to form holes (purified S105A52V does not form 
rings) (67), and thus may reveal important intermolecular interactions that are analogous 
to those formed in the bilayer. 
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Summary and goals 
Although S105 is the most-studied holin to date, little is known about the nature 
of the lesion or its structure, or about the role of the antiholin in lesion formation.  What 
is known about the holin can be summarized in a few sentences.  The λS gene produces 
two proteins of opposing function from the same coding sequence, the holin, S105, and 
the antiholin, S107.  Both are small membrane proteins, and the antiholin inhibits the 
holin by directly interacting with it.  The two are produced at a 2-2.5:1 ratio 
(S105:S107).  The holin is the only protein that controls the timing of lysis, although the 
normal amount of antiholin produced under standard laboratory conditions causes a 
slight delay, and lysis timing is programmed into the primary structure of the holin 
protein.  Holin triggering is somehow tied to membrane polarization, in that it causes 
collapse of the pmf and artificially collapsing the pmf will cause holin triggering.  The 
holin oligomerizes in the inner membrane, and this oligomerization is necessary but not 
sufficient for hole formation.  The hole formed by S105 is larger than any other 
characterized transmembrane channel formed by alpha-helical proteins, and 1,000-2,000 
molecules of holin are required for hole formation, although it is not known if there are 
many holes or one large one.   
In light of these facts, the goals of this project are four-fold: to use mutational 
analysis to better understand the timing mechanism of holin triggering, to determine the 
feature of S107 that cause it to inhibit S105, to visualize the lesion formed by S105 in 
the inner membrane of E. coli cells and to elucidate the effects of the anti-holin on lesion 
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formation.   The results from the experiments conducted in pursuit of these goals will be 
used to formulate a model of hole formation by λS.   
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CHAPTER II 
MUTATIONAL ANALYSIS STUDIES 
 
Introduction 
The holin-endolysin system is used by all dsDNA phages to accomplish lysis of 
the host cell (86).  In the case of bacteriophage λ, the endolysin is a soluble muralytic 
enzyme that is trapped in the cytoplasm and relies on the holin to allow it access to its 
substrate, the cell wall.  Holins are small membrane proteins that form lesions in the 
inner membrane of the host cell, releasing the endolysin so that the peptidoglycan can be 
degraded and the progeny released (86).  The holin is responsible for not only the release 
of the endolysin, but for timing the release such that a sufficient number of progeny have 
been assembled and potential other host cells remain in the environment for subsequent 
infections (86).  The holin protein of λ, S105, is encoded by the λS gene (Figure 2.1), 
and is the best-characterized holin to date.  It is the prototype of the Class I holins and 
has been the subject of extensive genetic and biochemical characterization (86).  
Although S105 is very small, only 105 residues in length, it forms holes that are at least 
15 nm in diameter; these holes are the largest known transmembrane channels formed by 
alpha helical proteins (81).  This indicates that S105 must oligomerize, since it would 
take many molecules of S105 to form a lesion this large.  S105 has, in fact, been shown 
to oligomerize (36, 87), and this oligomerization is required for hole formation (36).  
Additionally, crosslinking has been shown that S105 can form dimers via the 
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interactions of two faces of TMD2 (36), although a comprehensive study of TMD 
interactions has not yet been completed.       
 
 
 
 
 
 
 
 
 
The first genetic study of S found a number of non-functional mutants in all three 
TMDs of the protein, and that expressing these non-functional alleles in trans to the 
wild-type gave unpredictable results (57).  This study also indicated that there was more 
than one protein produced from the S gene, further studies showed that the second 
protein functioned as an inhibitor of the holin (10, 35).  The translation of these two 
proteins is controlled by a “dual-start” motif, where the longer product, S107 (the 
antiholin) is translated from Met1, and the shorter product, S105 (the holin), is translated 
Figure 2.1.  The λ lysis cassette and dual start motif. 
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from Met3 (11) (Figure 2.1).  One complication of the Raab et al. (57) study was that 
both the holin, S105, and the antiholin, S107, were expressed from both the wild-type 
phage and the mutant phage, making it difficult to determine which of the possible 
interactions was affecting lysis timing.  Later studies of S105 using site-directed 
mutagenesis to introduce single-cysteine mutations also showed that making mutations 
anywhere in the protein caused lysis times to vary (36-37), indicating that perhaps all 
three TMDs must interact in order to accomplish hole formation.  Since none of the 
previous studies were comprehensive, however, the variations in lysis time caused by 
missense mutations could not be predicted.  This study attempts to clarify and expand 
upon the results of Raab et al. (57) by introducing those mutations and others into pS105 
via site-directed mutagenesis and characterizing their effects on lysis timing.   
 
Materials and methods   
 
Materials, strains, bacteriophage, plasmids, and growth media 
All reagents were of the highest purity commercially available. The E. coli strain 
XL1Blue, the lysis-defective thermoinducible prophages λΔSR, and the lysis-proficient 
thermoinducible prophages λS105 (expressing S105) have been described previously 
(35, 57, 70, 73).  The strains, phage, and plasmids used in this work are described in 
Table 2.1. 
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Table 2.1. Strains, phage and plasmids. 
Strain, phage or 
plasmid Genotype/features 
Source or 
reference 
Strains   
MC4100 ΔtonA E. coli K-12 F- araD139 Δ(argF-lac)U169 
rpsL15relA1flbB3501 deo pstF25 rbsR ΔtonA 
Lab stock 
MG1655 ΔtonA 
lacIq 
F- ilvG rfb50 rph1 ΔtonA lacIq Lab stock 
MDS12 ΔtonA MG1655 with 12 deletions, totaling 376,180 
nt including cryptic prophages; ΔtonA 
(45) 
XL1Blue E. coli K-12 recA endA1 gyrA96 thi1 hsdR17 
supE44 relA1 lac [F’ proAB 
lacZΔM15::tn10] 
Stratagene 
Phages   
λΔSR Δ(stf-tfa)::cat cI857 Δ(SR) (72) 
λS105 Δ(stf-tfa)::cat cI857 SM1L (73) 
   
Plasmids   
pQ λQ cloned into pZS*24, kanR (38) 
pS105 λ lysis gene region with SM1L cloned into 
pBR322, ampR 
(36) 
pS105C51S Same as pS105, but with C51S mutation (37) 
pKB1 Same as pS105, but with Sam7 mutation (36) 
   
 
Media, growth conditions, IPTG induction and thermal induction of the λ lysis 
genes from a prophage and/or plasmid have been described previously (17, 37-38, 72). 
Bacterial cultures were grown in standard LB medium supplemented with ampicillin 
(100 µg/ml), kanamycin (40 µg/ml) and chloramphenicol (10 µg/ml) for the 
maintenance of plasmids and prophage, respectively.  Lysis curves were repeated a 
 29
minimum of three times, and the lysis times listed in for each mutant in Table 2.2 are 
accurate within ± 1 minute. 
 
Standard DNA manipulations, PCR, site-directed mutagenesis, and DNA 
sequencing 
 Isolation of plasmid DNA, DNA amplification by PCR, DNA transformation, 
and DNA sequencing were performed as previously described (37).  Primers were 
obtained from Integrated DNA Technologies, Coralville, IA, and were used without 
further purification.  Restriction and DNA-modifying enzymes were purchased from 
New England Biolabs; all reactions using these enzymes were performed according to 
the manufacturer’s instructions.  Site-directed mutagenesis was performed using the 
QuikChange kit from Stratagene as described previously (37).  pS105 was used as the 
template for all primers, except the cysteine mutation primers (excluding A52C 
For/Rev).  pS105C51S was used as the template for all of the cysteine mutation primers.  
Primers used for site-directed mutagenesis are listed in Appendix A.  The DNA 
sequence of all constructs was verified by automated fluorescence sequencing performed 
at the Laboratory for Plant Genome Technology at the Texas Agricultural Experiment 
Station.   
 
Generation of recombinant bacteriophage 
Recombinant phage were constructed as follows: Plasmids were transformed into 
MDS12 ΔtonA (λΔSR) and individual transformants were grown up and induced as 
 30
previously described (37).  Chloroform (final concentration, 1%) was added to the 
cultures 2 hours after induction, or when lysis was complete.  Lysates were cleared by 
centrifugation (3,000 rpm in a clinical centrifuge) and used to reinfect early-log (A550 = 
0.2) cultures of MDS12 ΔtonA at a multiplicity of infection (m.o.i.) of 5.  Two hours 
after infection, chloroform was added and the lysate cleared.  This enrichment step was 
repeated twice more, and the final lysate was used to lysogenize MC4100 ΔtonA.  
Lysogens were selected for by plating on LB plates containing chloramphenicol and 
were screened using Single Prophage PCR (SPP) (55) to determine which candidates 
contained a single prophage.  These candidates were then cross-streaked against λ86 
(λimm434 c- Ram54am60) to verify the presence of a functional endolysin; positive candidates 
were used for lysis curves and to create phage stocks.   
 
TCA precipitation 
1 ml or 5 ml culture aliquots were added to 111 μl or 555 μl, respectively, of 
cold, 6.1 N trichloroacetic acid, then placed on ice for 30 minutes.  The precipitate was 
collected by centrifugation (15,000 rpm in a tabletop microcentrifuge or 3,000 rpm in a 
clinical centrifuge, respectively) and washed once with acetone, resuspending the pellet 
completely.  Pellets were air-dried and resuspended in SDS-PAGE loading buffer.  
Proteins were separated on 16.5% SDS-PAGE with a 4% stacking gel.  Western blotting 
and immunodetection with anti-S antibodies were performed as previously described 
(38). 
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Results  
 
Comparison of induction systems  
 There are currently three ways to express the λ lysis genes from the native λ late 
promoter (PR’): transactivation of pS105 or derivative via the pQ induction system, 
where the Q gene is under the control of the PLlac/ara promoter on a low copy plasmid 
(38); transactivation of pS105 or derivative via production of Q from thermal induction 
of the λΔSR prophage (72); and thermal induction of a prophage if the S gene of interest 
has been recombined onto the phage genome (56).  For lytic alleles of S, these three 
induction systems are roughly equivalent, although the rate of S accumulation differs 
causing different lysis times (Figure 2.2).  For non-lytic alleles of S, however, these 
methods of induction are not equivalent, since membrane protein toxicity effects can 
mimic slow and inefficient lysis, thus making the rate of S accumulation very important 
when testing alleles with unknown lysis times.  Accumulation of large amounts of the 
accessory proteins Rz and Rz1 is also toxic, which further complicates the analysis of 
non-lytic alleles.  The membrane protein toxicity effects are seen most in the pQ 
induction system (data not shown), making it the least favorable of the three for testing 
new alleles of S.  The labor- and time-intensive process of recombining alleles onto the 
phage genome creates a significant block to productively testing large numbers of alleles 
in a reasonable amount of time, so although it is the best method for testing alleles in 
terms of S accumulation rate, it is the least favorable in terms of feasibility of strain 
construction.  Therefore, for the purposes of this study, the λΔSR transactivation system 
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was chosen, since it combines the ease of using plasmid-borne S alleles with near-
prophage levels of S accumulation. 
 
 
 
 
 
 
 
 
 
Lysis timing in S105 mutants 
 101 S105 mutants were created and their lysis times tested (Table 2.2).  Among 
the alleles were those first isolated by Raab et al. (56) and those created by Zheng et al. 
(89) using site-directed mutagenesis (alleles were chosen by a randomizing computer 
algorithm). Two sets of alleles were created by mutating positions 51 and 52 to all 
possible amino acids.  Additional mutants were chosen at random.  
 For the position 51 and 52 series, analysis of lysis times (listed in Table 2.2; 
Figure 2.3) yielded no patterns for the effects of substitutions on lysis timing.  Although 
the obvious characteristics of amino acids – size, volume, hydrophobicity – were plotted 
against lysis time, no patterns were of lysis time were revealed.  A similar mutation 
series of positions 49 and 50 are currently being created and characterized. 
Figure 2.2. Western blot comparison of S105 protein expression systems. Lanes 1 
and 18, molecular weight marker, lanes 2-7, λS105 samples taken at 0’, 15’, 30’ 
40’, 45’, and 50’, respectively; lanes 8-11, λΔSR pS105 samples taken at   0’ 15’, 
30’, and 35’, respectively; lanes 12-17, pQ pS105 samples taken at 0’, 15’, 30’, 
35’, 40’, 45’ and 50’, respectively; lane 14, molecular weight marker.  Lysis 
occurs at ~50’ for λS105, 35’ for λΔSR pS105, and 45’ for pQ pS105. 
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Dominance/recessiveness of S105 alleles 
 Raab et al. (57) tested the dominance/recessiveness of the alleles they isolated by 
making lysogens with double prophages; one prophage carried the wild-type S gene, and 
the other the mutant allele.  Since the large number of mutants in this study made using 
double prophages unfeasible, we used λS105 with pS105mut in trans for the 
dominance/recessiveness studies.   Like Raab et al., we also found four classes of 
mutants: dominant, co-dominant, recessive, and synergistic (phenotypes are listed in 
Table 2.2 for the alleles tested); the dominant class can be split into the lytic dominant 
alleles and the non-lytic dominant alleles.  One example of each is shown in Figure 2.4.   
One caveat of these experiments, especially for mutants that reveal a dominant 
phenotype, is since the mutants are expressed from the plasmid and the wild-type is 
expressed from the prophage, the mutants will have a slight advantage in accumulation, 
assuming that the mutation present does not affect the translation rate of the mutant 
protein.    
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Figure 2.3.  Lysis curves of position 51 and 52 mutant series.  Mutations are 
labeled on the graph. A, Position 51 series.  B, Position 52 series.  No pattern 
of lysis time vs. substitution was observed. 
A 
A550 
B 
Time after induction 
A550 
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Figure 2.4. Examples of co-dominant, dominant, recessive and synergistic mutants in 
S105.  In each panel, the controls are (♦) λΔSR + pKB1, (▲) λS105 + pKB1, (▼) 
λΔSR + pS105, and (▼) λS105 + pS105; and the mutants are (●) λΔSR + pS105mut, (■) 
λS105 + pS105mut.  Panel A, co-dominant mutant I87Y, panel B, dominant lytic 
mutant G66E in purple, dominant non-lytic mutant I53Y in orange, panel C, recessive 
mutant R59H, panel D, synergistic mutant M50G. 
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Table 2.2. Lysis times of mutants and phenotypes in trans to S105wt. 
Codon Mutant Lysis time (λΔSR) 
Lysis time 
(λS105) 
Phenotype in 
trans to wt 
Raab et. al. 
phenotype 
(57) 
      
3 M1L 30’ 25’ -- -- 
12 A12T 30’ 35’ cD -- 
16 A16N 30’ 30’ D(l) -- 
18 E18K non-lytic non-lytic D(n) (S) 
21 I21T 25’ 25’ D(l) -- 
22 G22R non-lytic non-lytic D(n) cD 
22 G22W non-lytic 60’ cD cD 
22 G22E 20’ 25’ cD S 
23 A23T 80’ 55’ cD R 
23 A23V non-lytic non-lytic D(n) R 
25 L25G non-lytic 70’ cD -- 
25 L25V non-lytic non-lytic D(n) R 
28 A28T 25’ 25’ D(l) -- 
29 M29I 72’ 45’ (S) R 
30 A30S 38’ 55’ cD R 
30 A30V non-lytic non-lytic D(n) S 
31 Y31I 30’ 30’ D(l) -- 
33 R33C non-lytic non-lytic D(n) cD 
33 R33H non-lytic non-lytic D(n) D(n) 
33 R33L non-lytic non-lytic D(n) cD 
34 G34S non-lytic non-lytic D(n) cD 
35 R35K non-lytic 55’ cD -- 
38 G38S non-lytic non-lytic D(n) cD 
39 G39D 20’ 16’ S S 
39 G39V 23’ 22’ D(l) -- 
47 D47Y non-lytic 35’ (S) S 
48 A48T non-lytic 25’ S (S) 
48 A48V non-lytic 40’ (S) S 
50 M50A non-lytic 22’ S -- 
50 M50G 70’ 25’ S -- 
50 M50I 90’ 50’ R R 
51 C51A 36’ 22’ S -- 
51 C51D 77’ (slow) 35’ S -- 
51 C51E non-lytic 45’ (S) -- 
51 C51F non-lytic 45’ (S) -- 
51 C51G 70’ 47’ S -- 
51 C51H non-lytic 24’ S -- 
51 C51I 53’ 27’ S -- 
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Table 2.2. Continued 
 
Codon Mutant Lysis time (λΔSR) 
Lysis time 
(λS105) 
Phenotype in 
trans to wt 
Raab et. al. 
phenotype 
(57) 
      
51 C51L 53’ 25’ S -- 
51 C51M 16’ 16’ D(l) -- 
51 C51N 30’ 25’ S -- 
51 C51P non-lytic 37’ (S) -- 
51 C51Q non-lytic 25’ S -- 
51 C51R non-lytic 50’ R R 
51 C51S 25’ 25’ D(l) -- 
51 C51T non-lytic 45’ (S) -- 
51 C51V 33’ 24’ S -- 
51 C51W non-lytic 50’ R -- 
51 C51Y non-lytic 40’ (S) S 
52 A52C 80’ (slow) 55’ (slow) cD -- 
52 A52D non-lytic non-lytic D(n) -- 
52 A52E non-lytic 50’ R -- 
52 A52F 11’ 11’ D(l) -- 
52 A52G 17’ 17’ D(l) -- 
52 A52H 53’ (slow) 50’ R -- 
52 A52I non-lytic 55’ cD -- 
52 A52K non-lytic 52’ R -- 
52 A52L 15’ 17’ D(l) -- 
52 A52M 23’ 25’ cD -- 
52 A52N non-lytic non-lytic D(n) -- 
52 A52P non-lytic 45’ (S) -- 
52 A52Q 75’ (slow) 38’ (S) -- 
52 A52R 53’ (slow) 55’ cD -- 
52 A52S non-lytic 75’ (slow) cD -- 
52 A52T non-lytic non-lytic D(n) -- 
52 A52V non-lytic non-lytic D(n) R 
52 A52W 60’ 30’ S -- 
52 A52Y 15’ 15’ D(l) -- 
53 I53Y non-lytic non-lytic D(n) -- 
55 A55T 70’ 30’ S S 
56 W56S non-lytic non-lytic D(n) -- 
56 W56Y 21’ 19’ D(l) -- 
56 W56am (Sam7) non-lytic 50’ R 
R 
59 R59C non-lytic 50’ R cD 
59 R59H 75’ 50’ R cD 
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Table 2.2. Continued 
 
Codon Mutant Lysis time (λΔSR) 
Lysis time 
(λS105) 
Phenotype in 
trans to wt 
Raab et. al. 
phenotype 
(57) 
      
59 R59L 60’ 35’ cD -- 
60 D60N non-lytic 57’ cD cD 
62 L62F 75’ 35’ cD (S) 
66 G66E 25’ 25’ D(l) -- 
71 L71F 55’ 50’ R (S) 
72 A72C* 50’ 15’ S -- 
73 Y73C* 80’ 15’ S -- 
73 Y73F non-lytic non-lytic D(n) -- 
73 Y73T 10’ 15’ cD -- 
75 T75C* 24’ 18’ S -- 
76 S76C* 20’ 20’ D(l) -- 
77 V77T 35’ 35’ D(l) -- 
78 F78G 20’ 20’ D(l) -- 
79 I79C* 90’ 15’ S -- 
80 G80C* 75’ 35’ (S) -- 
80 G80S non-lytic non-lytic D(n) cD 
83 G83D 72’ 50’ R R 
83 G83I non-lytic non-lytic D(n) -- 
87 I87Y non-lytic 65’ cD -- 
88 G88K non-lytic non-lytic D(n) -- 
89 S89C* 20’ 19’ D(l) -- 
99 A99C* 22’ 15’ S -- 
101 V101T 35’ 35’ D(l) -- 
102 E102K 37’ 38’ D(l) R 
104 G104C* 35’ 22’ S -- 
108C 108C* 22’ 18’ S -- 
      
*These mutants also have the mutation C51S. Key: items in blue need to be tested for 
dominance/recessiveness, items highlighted in fuchia have not been tested yet; D(l) = 
lytic dominant, D(n) = non-lytic dominant, cD = codominant, R = recessive, S = 
synergistic (as fast or faster than λS105 + pS105, or, in the case of G108C, faster than 
G108C alone); (S) = slightly synergistic (causes lysis faster than a recessive allele, but 
not as fast as a synergistic). 
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Discussion 
 Although many mutants of S105 were tested, analysis of the effects of any given 
substitution on lysis time revealed no significant patterns.  It is not surprising that for the 
more-or-less random collection of mutants originally isolated by Raab et al. (56) or 
Zheng et al. (89) there was no pattern observed.  However, it is striking that for the 
position 51 and 52 series of mutants, where those positions were mutated to the other 19  
amino acids, that no pattern was observed.  Regardless, since the collection of mutations 
contains mutants on all faces of all three TMDs (Figure 2.5), and all of the mutations  
affect lysis timing, analysis of these mutants is valuable.  The results indicated that the 
three helices of S105 must interact, probably via helix-packing, to accomplish lesion 
formation.  Additionally, since mutations at the same position have dramatic and  
unpredictable effects on lysis timing, the TMDs may interact with multiple partner 
helices via either intra-molecular or inter-molecular interactions, to accomplish lesion 
formation.  It is already known that TMD2 interacts inter-molecularly with other TMD2s 
at different faces, based on Cu(Ph3) crosslinking (36).  It is possible, then, that 
interfering with one interaction, for example, between TMD2 of one molecule and 
TMD2 of another, might not interfere with another interaction, perhaps between TMD2 
and TMD3 of the same molecule; the reverse may also be true.  Changing a single amino 
acid may therefore interfere with interactions between one or more partner helices, and 
whether the substitution influences one or multiple interactions may influence the  
severity of the phenotype.  Also, the severity of the phenotype may depend on the 
importance of the interaction(s) interrupted.  Since S is known to oligomerize (37, 87),  
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Figure 2.5.  Helical wheel diagrams of the three TMDs of S105.  Mutations are indicated 
with their corresponding lysis times.  For simplicity, only a few of the position 51 and 52 
mutants are indicated. 
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substitutions that affect the various stages of oligomerization, either impeding them or 
enhancing them, may have drastic affects.  For example, Western blot analysis of the 
non-lytic S105G83I mutant shows that it forms SDS-resistant dimers and that very little 
monomer can be detected (89).  This indicates that the Gly83Ile substitution highly 
enhances the interactions that lead to dimer formation, and presumably impedes the 
formation of higher oligomers, since this allele is non-lytic.  However, since this allele is 
dominant to the wild-type, and Western blot analysis shows that wild-type S105 does not 
form SDS-resistant heterodimers with S105G83I (data not shown), it is probable that the 
enhancement of dimer interactions is not required for the non-lytic phenotype exhibited 
by the S105G83I.   
In the dominance/recessiveness test, the mutants fall into four classes: dominant, 
co-dominant, recessive, and synergistic; the dominant class can be split into the lytic 
dominant mutations and the non-lytic dominant mutations.  For the co-dominant and 
synergistic classes, as well as for the non-lytic dominant mutants, it is clear that the wild-
type and the mutant proteins interact, since an intermediate lysis time is observed in the 
presence of the wild-type for the co-dominant and synergistic classes, and no lysis time 
is observed for the non-lytic dominant alleles even in the presence of the wild-type.  It 
appears that for the lytic dominant and recessive alleles, however, that the wild-type and 
the mutant form two separate pools of S105 molecules, and these pools do not influence 
each other (assuming, in the case of the recessive mutants, that the protein accumulates 
normally).  This may mean that these mutants (or the wild-type) have a higher self-
affinity, and a lower affinity for the other S105 protein being expressed.   One 
 42
observation worth of note is that most of the lytic dominant alleles are “fast” lysers – 
that is to say, that they cause lysis much earlier than the wild-type.   It is also interesting 
to note that although the antiholin was absent in this study, most of the mutants had the 
same phenotype (11 alleles) or a slightly more negative phenotype (15 alleles) in trans 
S105wt when compared to the Raab et. al. (57).  Given that the mutant S105 has a slight 
expression advantage over the wild-type in this expression system, it is not surprising 
that mutants identified as co-dominant by Raab et. al. (57) exhibit a more negative effect 
on the wild-type, or that mutants identified as recessive or synergistic by Raab et. al (57) 
exhibit a more synergistic effect on wild-type.   Mutants that were identified as co-
dominant in both studies also exhibit a stronger effect on the wild-type, again probably 
due to the expression advantage of the mutants.  A few mutants were identified as 
recessive in both studies; a simple explanation for this would be that the protein does not 
accumulate normally; however, at least one of these proteins, S105G83D, accumulates 
normally (data not shown), supporting the idea that S105G83D and S105wt do not interact.  
Further studies, using Cu(Ph3) crosslinking to determine the extent of heterodimer 
formation between wild-type and either lytic dominant or recessive alleles, are currently 
underway (20). 
Previous studies suggested that all three TMDs interact to affect hole formation; 
the data presented here support that assertion and suggest that both intermolecular and 
intramolecular interactions are important for hole formation, and that those interactions 
influence each other.  To test this hypothesis, we are currently attempting to isolate 
intragenic suppressor mutations; if a mutation only affects one interaction, mutations 
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that restore that interaction should be easy to isolate.  If a mutation disrupts multiple 
interactions, multiple intragenic suppressors at different locations in the gene should be 
isolated.  However, given that a large number of changes in the same codon can restore 
lysis (approximately half of both the position 51 and 52 mutants are lytic), mutants will 
have to be carefully chosen to minimize the possible number of lytic alleles that will 
arise from reversion of the mutated codon; an example set of possible reversions is 
shown in Table 2.3.  Preliminary results from Dankenbring et. al. (20) show that the 
apparent reversion rate of an allele corresponds to the number of possible single base 
mutations that would result in a lytic allele (i.e., the larger the number of possible lytic 
alleles, the higher the apparent reversion rate).  Studies of previously isolated intragenic 
suppressors  (74) are currently underway (20), as are studies of the position 49 and 50 
mutant series as well as cysteine scanning studies to probe interactions between all three 
TMDs.    
 
 
 44
Table 2.3. Possible (pseudo)revertants of non-lytic C51 and A52 mutants 
by single base changes. 
Codon Mutant Lysis time (λΔSR) Codon Mutant 
Lysis time 
(λΔSR) 
      
TTT C51F non-lytic CCA A52P non-lytic 
CTT C51L 53’ TCA A52S* non-lytic 
ATT C51I 53’ ACA A52T non-lytic 
GTT C51V 35’ GCA wt 30’ 
TCT C51S 25’ CTA A52L 11’ 
TAT C51Y non-lytic CAA A52Q 75’ (slow) 
TGT wt 30’ CGA A52R 53’ (slow) 
TTC C51F non-lytic CCT A52P non-lytic 
TTA C51L 53’ CCC A52P non-lytic 
TTG C51L 53’ CCG A52P non-lytic 
      
TAT C51Y non-lytic ATC A52I non-lytic 
CAT C51H non-lytic TTC A52F 11’ 
AAT C51N 30’ CTC A52L 15’ 
GAT C51D 77’ (slow) GTC A52V non-lytic 
TTT C51F non-lytic ACC A52T non-lytic 
TCT C51S 25’ AAC A52N non-lytic 
TGT wt 30’ AGC A52S* non-lytic 
TAC C51Y non-lytic ATT A52I non-lytic 
TAA stop non-lytic ATA A52I non-lytic 
TAG stop non-lytic ATG A52M 23’ 
      
CCC C51P non-lytic ACA A52T non-lytic 
TCC C51S 25’ TCA A52S* non-lytic 
ACC C51T non-lytic CCA A52P non-lytic 
GCC C51A 36’ GCA wt 30’ 
CTC C51L 53’ ATA A52I non-lytic 
CAC C51H non-lytic AAA A52K non-lytic 
CGC C51R non-lytic AGA A52R 53’ (slow) 
CCT C51P non-lytic ACT A52T non-lytic 
CCA C51P non-lytic ACC A52T non-lytic 
CCG C51P non-lytic ACG A52T non-lytic 
      
CAT C51H non-lytic AAC A52N non-lytic 
TAT C51Y non-lytic TAC A52Y 15’ 
AAT C51N 30’ CAC A52H 53’ (slow) 
GAT C51D 77’ (slow) GAC A52D non-lytic 
CTT C51L 53’ ATC A52I non-lytic 
CCT C51P non-lytic ACC A52T non-lytic 
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Table 2.3. Continued 
Codon Mutant Lysis time (λΔSR) Codon Mutant 
Lysis time 
(λΔSR) 
      
CGT C51R non-lytic AGC A52S* non-lytic 
CAC C51H non-lytic AAT A52N non-lytic 
CAA C51Q non-lytic AAA A52K non-lytic 
CAG C51Q non-lytic AAG A52K non-lytic 
      
CAA C51Q non-lytic AAA A52K non-lytic 
TAA stop non-lytic TAA stop non-lytic 
AAA C51K 77’ (slow) CAA A52Q 75’ (slow) 
GAA C51E non-lytic GAA A52E non-lytic 
CTA C51L 53’ ATA A52I non-lytic 
CCA C51P non-lytic ACA A52T non-lytic 
CGA C51R non-lytic AGA A52R 53’ (slow) 
CAC C51H non-lytic AAT A52N non-lytic 
CAT C51H non-lytic AAC A52N non-lytic 
CAG C51Q non-lytic AAG A52K non-lytic 
      
CGC C51R non-lytic AGC A52S* non-lytic 
TGC wt 30’ TGC A52C 80’ (slow) 
AGC C51S 25’ CGC A52R 53’ (slow) 
GGC C51G 70’ GGC A52G 17’ 
CTC C51L 53’ ATC A52I non-lytic 
CCC C51P non-lytic ACC A52T non-lytic 
CAC C51H non-lytic AAC A52N non-lytic 
CGT C51R non-lytic AGT A52S* non-lytic 
CGA C51R non-lytic AGA A52R 53’ (slow) 
CGG C51R non-lytic AGG A52R 53’ (slow) 
      
ACA C51T non-lytic GTC A52V non-lytic 
TCA C51S 25’ TTC A52F 11’ 
CCA C51P non-lytic CTC A52L 15’ 
GCA C51A 36’ ATC A52I non-lytic 
ATA C51I 53’ GCC wt 30’ 
AAA C51K 77’ (slow) GAC A52D non-lytic 
AGA C51R non-lytic GGC A52G 17’ 
ACT C51T non-lytic GTT A52V non-lytic 
ACC C51T non-lytic GTA A52V non-lytic 
ACG C51T non-lytic GTC A52V non-lytic 
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Table 2.3. Continued 
Codon Mutant Lysis time (λΔSR) Codon Mutant 
Lysis time 
(λΔSR) 
      
GAA C51E non-lytic GAT A52D non-lytic 
TAA stop non-lytic TAT A52Y 15’ 
CAA C51Q non-lytic CAT A52H 53’ (slow) 
AAA C51K 77’ (slow) AAT A52N non-lytic 
GTA C51V 33’ GTT A52V non-lytic 
GCA C51A 36’ GCT wt 30’ 
GGA C51G 70’ GGT A52G 17’ 
GAT C51D 77’ (slow) GAC A52D non-lytic 
GAC C51D 77’ (slow) GAA A52E non-lytic 
GAG C51E non-lytic GAG A52E non-lytic 
      
TGG C51W non-lytic GAA A52E non-lytic 
CGG C51R non-lytic TAA stop non-lytic 
AGG C51R non-lytic CAA A52Q 75’ (slow) 
GGG C51G 70’ AAA A52K non-lytic 
TTG C51L 53’ GTA A52V non-lytic 
TCG C51S 25’ GCA wt 30’ 
TAG stop non-lytic GGA A52G 17’ 
TGT wt 30’ GAT A52D non-lytic 
TGC wt 30’ GAC A52D non-lytic 
TGA stop non-lytic GAG A52E non-lytic 
      
*The allele Ala52Ser lysis at 156’ when recombined into λ.  This highlights a caveat of 
using the λΔSR system for determining lysis times; because of toxicity caused Rz and 
Rz1 expressed from the plasmid, it is not possible to correctly determine lysis times after 
t = 100’ in this expression system, meaning that some alleles that cause lysis very late 
will be called non-lytic. 
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CHAPTER III 
ANTIHOLIN STUDIES 
 
Introduction 
To achieve saltatory lysis of their hosts, double-stranded DNA bacteriophage rely 
upon a system with two essential components, a holin and an endolysin.  Holins are 
small membrane proteins which form lesions in the cytoplasmic membranes of their 
hosts and thereby control access of the endolysin to its substrate, peptidoglycan.  The 
holin protein accumulates in the cytoplasmic membrane throughout late gene expression, 
without measurable effect on the host.  Then, at a time determined by its primary 
structure, the holin suddenly triggers to permeabilize the membrane, allowing a phage-
encoded muralytic enzyme (endolysin) to degrade the cell wall.  Lysis of the host occurs 
within seconds of holin triggering (38).   
The best characterized holin gene is the S gene of phage λ, which directs the 
synthesis of two proteins, S105 and S107 (figure 3.1A).  S105 results from translational 
initiation at Met3 of the 107 codon open reading frame of S and has been shown to have 
the membrane disrupting activity expected of a holin.  The S105 protein has been shown 
to have three TMDs with its N-terminus in the periplasm and its C-terminus in the 
cytosol (figure 3.1B).  Remarkably, the full length product of S, S107, has an opposing 
function despite differing from S105 by just the amino-terminal extension, Met-Lys.  
S107 is a specific inhibitor of S105, acting to delay the triggering time by dimerizing 
with the holin (10, 35).   
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The Lys2 residue of S107 is critical for its antiholin activity.  Placing a neutral or 
acidic residue at this position not only abolishes the antiholin function of S107, but 
converts it into a holin (9-10, 34).  Based on this observation, it was proposed that the 
extra positive charge at the N-terminus of S107 (compared to S105) prevents the 
movement of the S107 N-terminus through the energized cytoplasmic membrane of the 
host, thereby preventing the membrane insertion of the sequence that is equivalent to the 
TMD1 of S105.  Thus, nascent S107 has only two TMDs (Figure 3.1B).  This model 
explains why treating cells expressing S107 with poisons that depolarize the membrane 
causes the antiholin to trigger like a holin.  Upon addition of the energy poison, the 
membrane potential collapses, allowing the N-terminus of S107 to “flip” through the 
membrane.  The resulting topological isomer of S107 has not only lost its antiholin 
activity, but behaves as a holin.  Further support for this model comes from experiments 
where a sec-dependent signal sequence was fused to the N-terminus of S107 (34).  In 
this case, the fusion only exhibited holin activity since the N-terminus of S107 was 
exported directly to the periplasm.   
It has been proposed that holins form two-dimensional aggregates or rafts in the 
cytoplasmic membrane before triggering (81).  In this “death raft” model, a small 
channel or defect in the array of tightly packed transmembrane helices arises at some 
point during the growth of the raft; this causes a local depolarization which promotes 
conformational changes that lead to the transformation of the raft into a hole.  In the case 
of λS, this hole is large enough to allow the passage of a cytoplasmic endolysin.  
Presumably, the formation of the initial defect in the raft depends on the strength of the 
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interactions between the transmembrane helices of the holin protein.  Thus, single 
missense changes in the primary sequence of a holin can lead to dramatically different 
lysis times by altering the strength of the individual helix-helix interactions in the raft.  
The ability of λS to form dimers and higher oligomers in the membrane has been 
demonstrated, as has the ability of S105 and S107 to efficiently form mixed dimers.  If 
these heterodimers do not contribute to raft formation, this would explain the antiholin 
activity of S107.    
Previous studies of the S gene showed that the ratio of S105:S107 is 
approximately 2-2.5:1 (16-17).  Since S105:S107 heterodimers presumably do not 
contribute to raft formation, and thus retard hole formation, modulation of this ratio 
would affect lysis timing.  It is not known whether the ratio determined by Chang et al. 
(17) is modified under different growth conditions, although given the secondary 
structure of the S mRNA around the start sites of the coding region, it seems likely that 
the ratio may be modified in certain conditions (i.e, starvation) to give λ the ability to 
fine-tune lysis timing on a real-time basis in a given host cell. 
Here, we report studies directed at assessing the importance of the N-terminal 
TMD of S107 in its role as an antiholin and correlating antiholin activity with the ability 
of an antiholin protein to heterodimerize with a holin.  Preliminary results for studies to 
determine the S105:S107 ratio are also reported.  The results are discussed in terms of a 
general model for the formation of the holin lesion and the modes by which this critical 
triggering event might be regulated. 
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Figure 3.1.  Diagram of the λ lysis cassette, the dual-start motif of the λS gene, topologies of 
S105, S107 and S105ΔTMD1, and sequence of the S protein.  A, Diagram of the λ lysis 
cassette and of the dual-start motif of the λS gene.  Text in red or highlighted in red 
correspond to S107, and text in blue or highlighted in blue correspond to S105. B, Diagram 
of the topology of S105 (blue) and the predicted topologies of S107 (red) and S105ΔTMD1 
(yellow).  TMD1 of S107 is prevented from transversing the membrane by the pmf. C, 
Sequence of the S protein.  The yellow box indicates the deletion made to create S105ΔTMD1; 
missense alleles used in this study are indicated by arrows below the corresponding residue. 
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Materials and methods   
 
Materials, strains, bacteriophage, plasmids, and growth media 
N-Ethylmaleimide (NEM) and 1-10 phenanthroline were purchased from Sigma-
Aldrich (St. Louis, MO). All other reagents were of the highest purity commercially 
available. The E. coli strains XL1Blue and BL21(DE3), the lysis-defective 
thermoinducible prophages λΔSR and λSam7, and the lysis-proficient thermoinducible 
prophages λS105 (expressing S105), and λS107* (expressing only S107) have been 
described previously (35, 57, 70, 73).  λS105ΔTMD1 is identical to λS105 with the 
exception that this phage has nucleotides 27-90 of the S gene deleted (corresponding to 
residues L9 to A30) to create the S105ΔTMD1 allele (Figure 3.1C).  The strains and 
plasmids used in this work are described in Table 3.1. 
 
Table 3.1. Strains, phage and plasmids. 
Strain, phage or 
plasmid Genotype/features 
Source or 
reference 
Strains   
MC4100 ΔtonA E. coli K-12 F
- araD139 Δ(argF-lac)U169 
rpsL15relA1flbB3501 deo pstF25 rbsR ΔtonA Lab stock 
MG1655 ΔtonA 
lacIq F
- ilvG rfb50 rph1 ΔtonA lacIq Lab stock 
MDS12 ΔtonA MG1655 with 12 deletions, totaling 376,180 nt including cryptic prophages; ΔtonA (45) 
XL1Blue E. coli K-12 recA endA1 gyrA96 thi1 hsdR17 supE44 relA1 lac [F’ proAB lacZΔM15::tn10] Stratagene 
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 Table 3.1. Continued  
Strain, phage or 
plasmid Genotype/features Source or reference 
Phage Description Source 
λΔSR Δ(stf-tfa)::cat cI857 Δ(SR) (72) 
λS105 Δ(stf-tfa)::cat cI857 SM1L (73) 
λS107* Δ(stf-tfa)::cat cI857 SM3L This study 
λS105τ94 
Δ(stf-tfa)::cat cI857 SM1L with the His-tag at 
position 94 (73) 
λS105ΔTMD1 Δ(stf-tfa)::cat cI857 SM1L ΔL9-A30 This study 
λS105ΔTMD1 mut 
Δ(stf-tfa)::cat cI857 SM1L ΔL9-A30 mut; see 
Table 3.3 for list of mutants This study 
   
Plasmid Description Source 
pQ The λ Q gene cloned into pZS*24, kanR (38) 
pS105 λ lysis gene region with SMet1Leu cloned into pBR322, ampR (36) 
pSwt Same as pS105, but Met1+ (35) 
pKB1 Same as pSwt, but with Sam7 mutation (36) 
pS107* Same as pS105, but with Met1+, Met3Leu (35) 
pS105ΔTMD1 Same as pS105, but with ΔTMD1 mutation This study 
pS105ΔTMD1 C51S 
Same as pS105ΔTMD1, but with Cys51Ser 
mutation This study 
pS105 
RzQ100amRz1W38am 
Same as pS105, but with RzQ100am and 
RzW38am 
Lab stock 
pλ81 Same as lysis cassette from λ81 cloned into pS105 This study 
pλ81-2 Same as pλ81, but with RzQ100am and RzW38am 
This study 
pS105*-3 
Same as pS105, but with Ram54am60, 
RzQ100am and RzW38am and a unique KpnI 
site in R 
This study 
pS107*-3 
Same as pS107*, but with Ram54am60, 
RzQ100am and RzW38am and a unique KpnI 
site in R 
This study 
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 Table 3.1. Continued  
Strain, phage or 
plasmid Genotype/features Source or reference 
pS105ΔTMD1*-3 
Same as pS105ΔTMD1, but with Ram54am60, 
RzQ100am and RzW38am and a unique KpnI 
site in R 
This study 
pS105A52V*-3 
Same as pS105, but with Ala52Val 
mutation in S105,  Ram54am60, RzQ100am and 
RzW38am and a unique KpnI site in R 
This study 
pS105W56am*-3 
Same as pS105, but with Trp56am (Sam7) 
mutation in S105,  Ram54am60, RzQ100am and 
RzW38am and a unique KpnI site in R 
This study 
pSS-S107 Same as pSwt, but with signal sequence and ϕ10 ribosome binding site This study 
pSS-S107A52V 
Same as pSS-S107, but with Ala52Val 
mutation This study 
pSS-S107A52Vτ94 
Same as pSS-S107A52V, but with 6X 
histidine-tag insertion after codon 94 This study 
pTP2 Same as pS105, but with the lysis genes of phage 21 in place of the λ lysis genes (52) 
pET11a pBR322 origin, T7 promoter, ampR Novagen 
pET-S105τ94 pETlla with S105 (72) 
pET-S107*τ94 
Same as pET-S105 τ94, but Met1+, 
Met3Leu This study 
pET-S105ΔTMD1τ94 
Same as pET-S105 τ94, but with ΔTMD1 
mutation This study 
pET-SS-S107A52Vτ94 pET11a with SS-S107A52Vτ94 This study 
   
 
Media, growth conditions, and thermal induction of the λ lysis genes from a 
prophage and/or plasmid have been described previously (17, 37-38, 72). The ability of 
S alleles to be triggered by membrane depolarization was assessed by adding 
dinitrophenol (DNP) or potassium cyanide (KCN) to a final concentration of 5 mM or 10 
mM, respectively.  Bacterial cultures were grown in standard LB medium supplemented 
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with ampicillin (100 µg/ml), kanamycin (40 µg/ml) and chloramphenicol (10 µg/ml) for 
the maintenance of plasmids and prophage, respectively.  
 
Standard DNA manipulations, PCR, site-directed mutagenesis, and DNA 
sequencing 
 Isolation of plasmid DNA, DNA amplification by PCR, DNA transformation, 
and DNA sequencing were performed as previously described (37).  Primers were 
obtained from Integrated DNA Technologies, Coralville, IA, and were used without 
further purification.  Restriction and DNA-modifying enzymes were purchased from 
New England Biolabs; all reactions using these enzymes were performed according to 
the manufacturer’s instructions.  Site-directed mutagenesis was performed using the 
QuikChange kit from Stratagene as described previously (37).  Primers used for site-
directed mutagenesis are listed in Appendix A.  pS105ΔTMD1 was used as the template for 
all the missense mutation primers, with the exceptions that pS105ΔTMD1 C51S was used as 
the template for primers S76C For and Rev and pSwt (35).  The DNA sequence of all 
constructs was verified by automated fluorescence sequencing performed at the 
Laboratory for Plant Genome Technology at the Texas Agricultural Experiment Station.   
 
Plasmid construction and generation of recombinant bacteriophage 
The plasmid pS105ΔTMD1 was constructed by amplifying pS105, excluding 
nucleotides 27 to 90 of the S105 gene, using primers Y31 For and D8 Rev.  Following 
digestion with DpnI, the linear PCR product was purified using the PCR Purification Kit 
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(Qiagen), then treated with T4 Polynucleotide kinase and ligated with T4 DNA ligase.  
Following transformation into XL1 Blue, individual transformants were screened by 
colony PCR.  The plasmids from candidates that tested positive were sequenced. 
The plasmid pλ81 was constructed by first cloning the lysis cassette of λ81 
(genotype cI857 Ram54am60; these amber mutations were previously unsequenced; 
sequencing showed that the Ram54 mutation is Gln26am and the Ram60 mutation is 
Trp73am) from the EcoRI site at λ nt 44972 to the ClaI site at λ nt 46448, into pS105 by 
splicing by overlapping extension (SOE) PCR (42), using SEcoRI For, 2-AatII For, 2-
AatII Rev, and Lys Cas Rev; the primers used for the initial amplification mutated the 
AatII site at λ nt 44592, via silent mutation (C to T at λ nt 44594; the AatII site at λ nt 
45563 is destroyed by the Q26am mutation).  The 611 bp EcoRV-ClaI fragment from 
pS105RzQ100amRz1W38am containing a portion of the R gene and the entire Rz/Rz1 genes 
was then cloned into pλ81, creating pλ81-2.  The plasmid pS105*-3 was created from 
pS105 and p λ81-2 by SOE PCR, using primers SEcoRI For, Ram54 KpnI Rev, Ram54 
KpnI For, and pS105 ClaI Rev.  pS107*-3, pS105A52V*-3, pS105ΔTMD1*-3, and 
pS105W56am*-3 were created from pS105*-3 by Quikchange, using the primers S107* 
For and Rev, A52V For and Rev, Y31 For and D8 Rev, and Sam7 For and Rev, 
respectively. 
The plasmid pSS-S017 was constructed in a two-step Quikchange reaction by 
amplifying pSwt first using primers SS-S107 For and SS-S107 Rev, then SS-S107 For-2 
and SS-S107 Rev.  These primers replaced the sdi stemloop with the ϕ10 ribosome 
binding site and inserted the coding sequence for the 18 residue synthetic signal 
 56
sequence (MKWVTFISLLFLFSSAYA).  After digestion with DpnI, the linear PCR 
product was purified using the PCR Purification Kit (Qiagen), then treated with T4 
Polynucleotide kinase and ligated with T4 DNA ligase.  Following transformation into 
XL1 Blue, individual transformants were screened by colony PCR.  Plasmids from 
candidates that tested positive were sequenced. 
Recombinant phage were constructed as follows: Plasmids carrying non-lytic 
alleles of S105 (such as S105ΔTMD1) were transformed into MDS12 ΔtonA (λΔSR) and 
individual transformants were grown up and induced as previously described.  
Chloroform (final concentration, 1%) was added to the cultures 2 hours after induction, 
or when lysis was complete.  Lysates were cleared by centrifugation (3,000 rpm in a 
clinical centrifuge) and used to reinfect early-log cultures of MDS12 ΔtonA at m.o.i. of 
5.  Two hours after infection, chloroform was added and the lysate cleared.  This 
enrichment step was repeated twice more, and the final lysate was used to lysogenize 
MC4100 ΔtonA.  Lysogens were selected for by plating on LB plates containing 
chloramphenicol and were screened using Single Prophage PCR (55) to determine which 
candidates contained a single prophage.  These candidates were then cross-streaked 
against λ86 (λimm434 c- Ram54am60) to verify the presence of a functional endolysin; positive 
candidates were used for lysis curves and to create phage stocks.  Plasmids carrying lytic 
alleles of S105 (such as S105A52G) were transformed into MDS12 ΔtonA (λΔSR) and 
individual transformants were grown up and induced as previously described.  
Chloroform (final concentration, 1%) was added to the cultures when lysis was 
complete.  Lysates were cleared by centrifugation (3,000 rpm in a clinical centrifuge), 
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and serial dilutions of lysates were plated on MDS12 ΔtonA.  Plaques were purified by 
streaking them on MDS12 ΔtonA, and pickates made from purified plaques were used to 
lysogenize MC4100 ΔtonA.  Lysogens were selected for by plating on LB plates 
containing chloramphenicol and were screened using Single Prophage PCR (55) to 
determine which candidates contained a single prophage.  These candidates were then 
cross-streaked against λ86 (λimm434 c- Ram54am60) to verify the presence of a functional 
endolysin; positive candidates were used for lysis curves and to create phage stocks. 
 
TCA precipitation 
1 ml or 5 ml culture aliquots were added to 111 μl or 555 μl, respectively, of 
cold, 6.1 N trichloroacetic acid, then placed on ice for 30 minutes.  The precipitate was 
collected by centrifugation (15,000 rpm in a microcentrifuge or 3,000 rpm in a clinical 
centrifuge, respectively) and washed once with acetone, resuspending the pellet 
completely.  Pellets were air-dried and resuspended in SDS-PAGE loading buffer.  
Proteins were separated on 16.5% SDS-PAGE with a 4% stacking gel.  Western blotting 
and immunodetection with anti-S antibodies were performed as previously described 
(37). 
 
Purification of E. coli deformylase 
The plasmid pET-22B-def-CHT, encoding oligohistidine-tagged deformylase, 
was a gift from Hua Pei (58).  The His-tagged deformylase was overexpressed in 
BL21(DE3) slyD::Tn10 harboring pET-22B-def-CHT as described (58).  The enzyme 
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was purified by immobilized metal affinity chromatography (IMAC) to a final 
concentration of 5 mg/ml.  The activity of the purified enzyme was determined using the 
tri-peptide formyl-Met-Ala-Ser (Sigma) as the substrate.  The appearance of N-terminal 
amines was monitored using 2,4,6-trinitrobenzenesulfonic acid (25).   
 
Oxidative disulfide bridge formation in membranes 
A culture expressing the desired S allele(s) was induced as previously described 
(35). After lysis was complete or 100 minutes after induction in cases where lysis does 
not occur, 10 ml aliquots of the induced cultures were disrupted by passage through a 
French pressure cell (Spectronic Instruments, Rochester, NY.) at 16,000 lb/in2 (1 lb/in2 = 
6.89 kPa).  The samples were then oxidized by the addition of CuSO4 and 1-10 
phenanthroline to final concentrations of 20 mM and 60 mM, respectively.  After 
incubation for 60 minutes at room temperature, the reactions were stopped by the 
addition of NEM (in ethanol) to a final concentration of 0.1 M.  Following a 3,000 x g 
clearing spin, the membrane fraction was collected by centrifugation at 100,000 x g for 
60 min at 18°C.  The membrane pellet was resuspended in 50 μl of membrane extraction 
buffer (1% Empigen BB, 10% glycerol, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0, 0.1 M 
NEM) containing 35 mM MgCl2 to stabilize the outer membranes.  This mixture was 
incubated for 12 to 14 h at 37°C and detergent-insoluble material was removed by 
centrifugation at 100,000 x g for 45 min at 18°C. The detergent-soluble fraction was 
diluted 1:1 with 2X protein sample loading buffer prior to SDS-PAGE analysis.  Proteins 
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were separated on 16.5% SDS-PAGE with a 4% stacking gel. Western blotting and 
immunodetection with anti-S antibodies were performed as described previously (37). 
 
Phage accumulation after the induction of λ lysogens 
Cells lysogenized with λSam7, λS107*, λS105, λS105A52V or λS105ΔTMD1 were 
grown and thermally induced as previously described (35).  At various times after 
induction, 1 ml aliquots were removed and treated with 1% chloroform to release 
progeny phage which were then titered by plating on lawns of  MDS12 pTP2.  This 
plasmid contains the lysis genes S2168, R21, and Rz21/Rz121 from phage 21 (52) under 
control of the λ PR’ promoter.  Since the holin of phage 21 does not interact with S105, 
S107, S105A52Vor S105ΔTMD1 (data not shown), the presence of this plasmid allows even 
lysis defective lambda phages to form plaques on the indicator lawn.  Plaques from 
triplicate platings were counted after 12-16 hours of incubation at 37˚C, and the averages 
from 2 experiments were used. 
 
Viability assays 
Cultures of MG155 ΔtonA lacIq ΔlacY expressing pQ and either pS105*-3, 
pS107*-3, pS105A52V*-3, pS105ΔTMD1*-3 or pS105W56am*-3 were induced as previously 
described (38).  At t = 60 and 120, a 2 ml sample of each culture was removed; 1 ml of 
the sample was serially diluted on ice, and plated in triplicate on LB plates containing 
kanamycin and ampicillin; the remaining 1ml of sample was TCA precipitated for 
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Western blotting.  Colonies from three separate experiments were counted after 12-16 
hours incubation at 37˚C. 
 
Results  
 
The N-terminus of Sl05, but not Sl07, retains its fMet residue   
Our current model to explain the functional difference between the antiholin, 
Sl07, and the holin, Sl05, stipulates that the N-terminus of the former, but not the latter, 
is blocked from transiting the membrane by the positive-outside potential across the 
energized cytoplasmic membrane.  Thus, while the N-terminus of S107 should be 
subject to deformylation by the cytoplasmic deformylase enzyme, the N-terminus of 
S105 might escape this modification.  To test this idea, the purified S105 and S107 
proteins were subjected to automated N-terminal sequencing. The Sl07 species was 
found to be fully sequenceable, and the sequence corresponded exactly to that predicted 
from the dual start motif (Table 3.2).  In contrast, Sl05 could not be sequenced, 
suggesting that the α-amino group of the Metl residue was covalently blocked. To test 
whether the blockage was due to an N-terminal formyl group, the S105 protein was 
treated with purified E. coli deformylase.  When the resulting protein was subjected to 
N-terminal sequencing, a sequence consistent with translational initiation at Met3 was 
obtained (Table 3.2), demonstrating that Sl05 indeed carries the N-terminal fMet 
residue.  Not only does this finding directly support our model for a topological 
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difference between S105 and S107, but it also indicates that the N-terminus of Sl05 exits 
the cytoplasm very rapidly since it escapes cytoplasmic deformylation.  
 
Table 3.2. N-terminal sequencing of purified S proteins. 
Sample Repetitive yield Sequence 
   
S105 0% --- 
S107* (M1+, M3L) 82% MKLPEK 
S105ΔTMD1 91%          PEKHD 
Def treated S105 >95%           XXHDLLA        XXXHDLL 
   
 
 
TMD1 of S is essential for holin activity   
 Since the topological difference distinguishing S105 and S107 involves the N- 
terminal TMD1, it was of interest to see if TMD1 plays a purely regulatory role or 
whether it is required for the holin function of S105.  To answer this question, we 
deleted codons 9-30 from the S105 gene in pS105 generating plasmid pS105ΔTMD1 which 
has the lysis cassette, S105ΔTMD1 RRzRz1 under control of the λ PR‘ promoter.  This lysis 
cassette was then recombined into the thermally inducible λΔSR prophage, resulting in 
λS105ΔTMD1.  While the induction λS105 and λS107 caused lysis, induction of λS105ΔTMD1 
seemed to have little effect on cell growth for over five hours (Figure 3.2A).  During this 
period, phage continued to accumulate to a level equivalent to the induction of a λSam7 
prophage (Figure 3.2B).  The inability of S105ΔTMD1 to effect lysis was not due to the 
instability of the S105ΔTMD1 protein since it accumulated to higher levels than either  
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S105 or S107 (Figure 3.3).  Moreover, N- terminal sequencing of the S105ΔTMD1 protein 
revealed that its N-terminus was unblocked, indicating that it was retained in the  
cytoplasm (Table 3.2).  Thus, deletion of TMD1 did not appear to affect the topology of  
Figure 3.2. Lysis profiles and phage accumulation for λS105, λS107*, λSam7, λS105A52V 
and λS105ΔTMD1 and viability of cells expressing S105,λS107*,λSam7, S105A52V and 
S105ΔTMD1. A, lysis profiles of (●) λS105, (■) λS107* (M1+, M3L), (●) λSam7, (■) 
λS105A52V, and (■) λS105ΔTMD1.  λS105ΔTMD1 behaves identically to λSam7.  B, phage 
accumulation profiles for (●) λS105, (■) λS107*, (●) λSam7, (■) λS105A52V , and (■) 
λS105ΔTMD1.  Again, λS105ΔTMD1 behaves identically to λSam7. C, Viability of cultures 
expressing pS105, pS107*, pS105A52V, pS105W56am (Sam7) or pS105ΔTMD1 1 hour and 2 
hours after induction. D, Western blot of cells expressing pS105, pS107*, pS105A52V, 
pS105ΔTMD1 or pS105W56am (Sam7); lane 1, molecular weight marker, lanes 2-6, samples 
taken at time 0, lanes 11, samples taken 1 hour after induction, lanes12-16, samples taken 2 
hours after induction.  Not the severe excess of S105ΔTMD1 in the both the 1 hour and 2 hour 
sample compared to the others. 
0%
20%
40%
60%
80%
100%
60' time point
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the remainder of the protein.  Hole formation by the S105ΔTMD1 protein could not be 
elicited by treatments that depolarize the cytoplasmic membrane (Fig. 3.4).  This stands  
in stark contrast to S105 and S107, both of which can be artificially triggered to form 
holes by membrane depolarization (Fig. 3.4).  Finally, when lysis cassettes carrying the 
various S alleles were induced using a plasmid-borne Q gene, only S105 was lethal at 
60’ after induction, consistent with its holin function (Fig. 3.2C), and only S107* was 
lethal at 120’ after induction; the other alleles had little effect.  The reduced amount of 
survival seen at 120’ for pS105ΔTMD1 is due to the high amounts of S105ΔTMD1 protein 
produced, since excessive production of a membrane protein is toxic to cells (Figure 
3.2D). 
 
 
 
 
 
 
 
 
 
When λS105ΔTMD1 was plated on lawns of wild-type E.coli, the reversion rate was 
much lower (~1.5 x 10-8) than that of λSam7, which reverted at a rate of 2 x 10-5.  It was 
shown however, that these few pseudorevertants were the result of the acquisition of 
Figure 3.3. Accumulation of S105, S107*, Sam7, and S105ΔTMD1 following prophage 
induction. Samples were taken at 0’, 15’, 30’, 45’, 60’, and 90’ after induction.  Lanes 1 
and 26, molecular weight marker, lanes 2-7, S105 samples, lanes 8-13, S107* samples, 
lanes 14-19, Sam7 samples, lanes 20-25, S105ΔTMD1 samples.  In lanes 6 and 7, the 
decreased amount of S105 is due to variable sample recovery during TCA precipitation 
because the culture was already lysed at these time points. 
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lysis genes from cryptic prophages by recombination (44) rather than from the 
mutational conversion of S105ΔTMD1 to a functional holin (data not shown).   When 
λS105ΔTMD1 was plated on MDS12, a strain deleted for all known cryptic prophage found 
in E. coli K-12 laboratory strains, no revertants could be isolated, even when the phage 
was chemically mutagenized prior to plating (data not shown).  The behavior of the 
S105ΔTMD1 allele in both the plasmid and phage context indicates that the N-terminal 
TMD of λS is essential for its holin function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. DNP treatment of S107* and S105ΔTMD1with and without S105.  A, (■) λS105; 
(●) λS107; (○) λS107 with DNP added at 40 minutes; (▲) λS105 + pS107; (◊) λS105 + 
pS107 with DNP added at 40 minutes; (Δ) λS105 + pS107 with DNP added at 80 minutes.  
B, (■) λS105; (●) λS105ΔTMD1; (○) λS105ΔTMD1 with DNP added at 40 minutes; (▲) λS105 
+ pS105ΔTMD1; (◊) λS105 + pS105ΔTMD1 with DNP added at 40 minutes; (Δ) λS105 + 
pS105ΔTMD1 with DNP added at 80 minutes.
A B 
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The antiholin character of S107 is due to the absence of TMD 1 from the bilayer 
We next examined whether the antiholin activity of nascent S107 was due to the 
absence of its potential TMD1 from the membrane or to the presence of the N-terminus 
in the cytoplasm.  When either the antiholin gene, S107, or the S105ΔTMD1 allele was 
expressed in trans to an induced S105 prophage, lysis of the host was blocked (Figure 
3.4).  Thus, the S105ΔTMD1 protein is an effective antiholin.  Strikingly, unlike the block 
imposed by S107, the inhibition of the holin by expression of S105ΔTMD1 could not be 
subverted by addition of either KCN or DNP (Figure 3.4).  When λS105 was plated on 
MC4100 carrying pS105ΔTMD1, the efficiency of plating (e.o.p.) was 0.01, compared to 
an e.o.p. of 0.6 for plating on pS107*.  Plating λS105 on pS105ΔTMD1 also severely 
affected plaque morphology, giving rise to fuzzy, pinpoint plaques (Figure 3.5).  The  
 
 
 
 
 
 
 
 
 
 
Figure 3.5.  Effects of pS105ΔTMD1 on plaque morphology of λS105. A, pKB1, B, 
pS107*, C, pS105ΔTMD1, D, pS105ΔTMD1 A52V, E, pS105ΔTMD1 A52G, F, pS105ΔTMD1 
C51S.  Alleles that cause greater inhibition (S105ΔTMD1, and  S105ΔTMD1 A52V) have a 
greater effect on plaque morphology. 
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significance of these findings is two-fold.  First, the inability to trigger hole formation in 
cells producing both S105 and S105ΔTMD1 suggests that the two proteins interact in a way 
that prevents the conformation or organizational changes in S105 that constitute the 
triggering event.  Second, it is consistent with the notion that the antiholin activity of  
nascent S107 is abolished when its N-terminus penetrates the bilayer, a process we 
believe is promoted by membrane depolarization.  Indeed, penetration of the N-terminus 
of S107 into the bilayer converts it from an antiholin to a holin.  Thus, the continued 
antiholin activity of S105ΔTMD1 after membrane depolarization is due to its inability to be 
converted into a holin. 
 
Antiholin activity of S105ΔTMD1 derivatives is correlated with their ability to 
heterodimerize with the holin   
We previously studied the interaction between the mutant and wild type 
holin/antiholin proteins by co-expressing the desired S105 and S107 alleles (35).  While 
this approach is clearly useful for demonstrating heterodimer formation by chemical  
crosslinking, assessing the antiholin activity of S107 variants by this method is 
complicated by the fact that the nascent S107 antiholin can be converted into a 
topological isomer that acts as a holin.  Consequently, we decided to use the non-
triggerable S105ΔTMD1 allele to test the effect of missense mutations on antiholin 
function.  Quantitative Western blotting showed that S105 accumulates to approximately 
1000-1500 molecules per cell when expressed from a prophage, and about 1.5-2 times 
that amount when expressed from pS105 (Figure 3.6).  S105ΔTMD1 is expressed at much 
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higher levels in both contexts: approximately 3.5-fold more from the prophage and 
approximately 10.5-fold more from pS105ΔTMD1.  The higher expression of S105ΔTMD1 is 
presumable due to the loss of the regulatory stemloop structure spanning codons 11 
through 16 (Figure 3.1A) in the S mRNA.  Thus, when S105 is expressed from the 
prophage with S105ΔTMD1 expressed from a plasmid in trans, there is a ~1:10 ratio of 
S105 to S105ΔTMD1; the ratio of S105 to S107* in the same context is only ~1:2 (data not 
shown).  Since this severe excess of S105ΔTMD1 may have masked the true extent of the 
interaction between S105ΔTMD1 and S105, S105 was expressed from a plasmid in trans to 
S105ΔTMD1 expressed from a prophage; transactivated pS105 derivatives produce  
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Figure 3.6.  Comparison of expression levels of S105 and S105ΔTMD1 from plasmid and 
prophage. A, Western blot of cells expressing S105 or S105ΔTMD1 from either the 
plasmid or prophage; lanes 1 and 6, molecular weight marker, lane 2, pS105 sample, 
lane 3, λS105 sample, lane 4, pS105ΔTMD1 sample, lane 5, λS105ΔTMD1 sample.  B, 
Comparison of band intensities; the intensity of the λS105 sample was used as the basis 
for comparison.  Expression from pS105ΔTMD1 is clearly much higher than λS105, or 
even pS105.  
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Figure 3.8. Cu(Ph3) crosslinking of S105 and S105ΔTMD1.  Lanes 1, and 13, molecular 
weight marker Lane 2, λS105A52G + pS105ΔTMD1, Lane 3, λS105 + pS105ΔTMD1 A52G, 
Lane 4, λS105A52G, Lane 5, pS105ΔTMD1 A52G, Lane 6, pS105ΔTMD1, Lane 7, λS105, 
Lane 8, λS105 + pS105ΔTMD1, Lane 9, λS105 + pS105ΔTMD1 A52G, Lane 10, pS105, 
Lane 11, λS105ΔTMD1, Lane 12, λS105ΔTMD1 + pS105.  For lanes 2-12, the top band is 
the S105 homodimer, the middle band is the S105/S105ΔTMD1, and the lower band is 
the S105ΔTMD1.  Note the strong appearance of an S105 homodimer in the λS105ΔTMD1 
+ pS105, but not in the λS105 + pS105ΔTMD1, and the appearance of a S105 
homodimer band in the λS105A52G + pS105ΔTMD1, and  λS105 + pS105ΔTMD1 A52G, but 
not in λS105A52G + pS105ΔTMD1 A52G, and  λS105 + pS105ΔTMD1.   
Figure 3.7. Inhibition of S105 by S105ΔTMD1.  Lysis profiles of  (●) λSam7 + pS105, 
(■)  λS105 + pKB1, (■) λS105 + pS105ΔTMD1, (●) λS105ΔTMD1 + pS105, (■) λSam7 + 
pS105ΔTMD1.  The green curves show that by increasing the S105:S105ΔTMD1 ratio, 
inhibition is decreased. 
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approximately 2-fold more S protein than a prophage (data not shown), so expressing 
S105ΔTMD1 and S105 this way increased the S105 to S105ΔTMD1 ratio to approximately 
1:1.5.  Interestingly, altering the ratio lead to a decrease in the amount of inhibition 
(Figure 3.7).  Cu(Ph3) crosslinking of S105 and S105ΔTMD1 in these different expression 
systems reveals that in addition to a decrease in inhibition, there is a decrease in 
crosslinking (Figure. 3.8), indicating that it is the amount of “free” S105 that determines 
lysis timing, since expressing less S105ΔTMD1 leads to more free S105 and earlier lysis. 
Several mutants of S107 have been shown to interact less with S105 than S107wt, 
and the weaker interaction also causes weaker inhibition (35).  These mutations, and 
several others that were shown to be either recessive or dominant in mutational analysis 
studies, were put into S105ΔTMD1 and tested for inhibition (Table 3.3).  Only the mutants 
A52G, C51S, G83D, and the double mutant C51S/S76C demonstrated decreased 
inhibition as compared to wild-type (Figure 3.9A).  Since the test for interaction between 
S molecules is cysteine-specific crosslinking, and S has only a single cysteine at position 
51, mutant C51S could not be used.  Additionally, the interactions between TMD2 and 
TMD3 have not yet been demonstrated using Cu(Ph3) crosslinking, so the 
mutantC51S/S76C was also not used.  Western blot analysis of the G83D mutant 
showed that it does not accumulate to normal levels, indicating that the lack of inhibition 
exhibited by this allele is due to a lack of protein accumulation, and not a weaker 
interaction (data not shown).  Cu(Ph3) crosslinking of prophage expressed S105 and 
either plasmid expressed S105ΔTMD1, S105ΔTMD1 A52V, or S105ΔTMD1 A52G showed that 
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decreased inhibition corresponds to a decreased interaction between S105 and 
S105ΔTMD1 A52G (Figure 3.10).   
 
Table 3.3.  S105ΔTMD1 alleles and inhibition of λS105. 
Allele Inhibition of λS105 
Phenotype in S105 in trans to 
λS105 (Table 2.2) 
   
Wild-type +++ NA 
R59H +++ R 
M50I +++ R 
C51S (+) D(l) 
A52G + D(l) 
A52V +++ D(n) 
L71F +++ R 
C51S/S76C (+) D(l) 
G83D (+) R 
   
  
 
This decrease in inhibition is also correlated to the effect of the inhibitor on 
plaque morphology, since plating λS105 on either S105ΔTMD1 C51S and  S105ΔTMD1 A52G 
gives larger plaques (Figure 3.5) at higher e.o.p.s (data not shown) than either S105ΔTMD1 
or S105ΔTMD1 A52V.  Additionally, when λS105A52G is expressed with pS105ΔTMD1 A52G, 
strong inhibition is observed, similar to that of λS105 is expressed with pS105ΔTMD1, and 
when λS105A52G is expressed with pS105ΔTMD1, less inhibition is observed, similar to  
that of λS105 is expressed with pS105ΔTMD1 A52G (Figure 3.9B).  Cu(Ph3) crosslinking 
shows that the decreased inhibition is correlated with a decrease in crosslinking (Figure 
3.8). 
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Figure 3.10. Cu(Ph3) crosslinking of S105 and S105ΔTMD1 or S105ΔTMD1mut.  Lanes 1 and 
9, molecular weight marker, Lane 2, S105τ94 alone, Lane 3, S105τ94 + S105, Lane 4, 
S105τ94 + S107, Lane 5, S105 alone, Lane 6, S105 + S105ΔTMD1, Lane 7, S105 + 
S105ΔTMD1 A52V, Lane 8, S105 + S105ΔTMD1 A52G.  For lanes 2-4, the top band is the 
S105τ94 homodimer, the middle band is the S105τ94/S105 or S107* heterodimer, and the 
lower band is either an S105 or S107* homodimer.  For lanes 5-8, the top band is the 
S105 homodimer, the middle band is the S105/S105ΔTMD1(mut) heterodimer, and the bottom 
band is the S105ΔTMD1 homodimer.  Note the appearance of an S105 homodimer in the 
S105 + S105ΔTMD1 A52G, but not in the S105 + S105ΔTMD1 or S105 + S105ΔTMD1 A52V 
samples, indicating a weaker interaction between S105 and S105ΔTMD1 A52G.   
Figure 3.9. Inhibition of S105 by S105ΔTMD1 mutants.  A, Lysis profiles of (■) λS105 + 
pKB1, (▼) λS105 + pS105ΔTMD1 C51S, (    ) λS105 + pS105ΔTMD1 A52G, (    ) λS105 + 
pS105ΔTMD1 A52V, (▲) λS105 + pS105ΔTMD1 A48V, (♦) λS105 + pS105ΔTMD1.  B, Lysis profiles 
of (●) λS105A52G + pKB1, (♦) λS105A52G + pS105ΔTMD1, (♦) λS105A52G + pS105ΔTMD1 A52G.  
Only S105ΔTMD1 C51S and S105ΔTMD1 A52G show decreased inhibition of S105, while 
S105ΔTMD1 shows decreased inhibition of S105A52G. 
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Characterization and overexpression of SS-S107 and SS-S107A52V 
Previous studies on the ratio of S105:S107 (16-17) showed that the ratio 
remained constant under standard laboratory conditions; however, given the difficulties 
in identifying the two proteins on a normal SDS-PAGE gel, and the inviting prospect of 
real-time modulation of the ratio under different growth conditions, we wanted to revisit 
this question.  Since S105 and S107 only differ by the two residue extension at the N-
terminus of S107, the ability to identify the individual proteins from a single sample in 
which both are present proved problematic.  To resolve this issue, we obtained S105-
specific and S107-specific antibodies from Bethyl Laboratories (Conroe, TX) that were 
raised against the N-terminal 9 residues of S105 and S107, respectively, and then cross-
adsorbed against the other peptide (S107 and S105, respectively).  By using only the N-
terminal 9 residues of each protein, the difference between the two epitopes is 33%.  
With these antibodies it is theoretically possible to quantify the amount of S105 and 
S107 from the native S gene (Swt) using either ELISA assays or quantitative Western 
blotting.  Dot blots using purified S105 and purified S107* (which has a M3L mutation) 
showed that the α-S105 N-terminus antibodies recognized S105 and not S107*, and that 
the α-S107 N-terminus antibodies recognized neither S105 nor S107*.   
Western blot analysis of cells expressing either S105, S107* or Swt, showed that 
the α-S105 N-terminus antibody does recognize S107 and S107*, although to a lesser 
extent than the recognition of S105 and that blocking with the S107 N-terminal peptide 
did not significantly improve the specificity of the antibody (data not shown).  This 
problem can be overcome by determining the background level of recognition that the α-
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S105 N-terminus antibody exhibits using purified S107.  Since both ELISA assays and 
quantitative Western blotting require standards of purified protein, and a standard for the 
background recognition of S107 by α-S105 N-terminus is also required, it was necessary 
to construct a mutant of S that only produces S107, and no S105, and preserves the 
sequence of the S107 N-terminus (since the α-S107 N-terminus antibodies do not 
recognize S107*).  Early attempts to mutate and move the ribosome binding sites of the 
S gene showed that the ratio could be altered, but both proteins were still produced (data 
not shown).  Further attempts to mutate the ribosome binding site using both site-
directed mutagenesis and SOE PCR failed, presumably because the constructs were 
lethal.     
Since mutating and moving the ribosome binding failed to produce a construct 
that produced only S107 and not S105, an alternative strategy was employed.  A 
synthethic signal sequence was placed in front of the S gene, and the sdi stem loop was  
removed and replaced with a different ribosome binding site.  The plasmid containing 
this construct, called pSS-S107, was detrimental to the growth of both the cloning strain 
XL1 Blue and the expression strain MC4100 ΔtonA (λΔSR), indicating that the plasmid 
expressed some level of the S protein, although this was not confirmed by Western blot.  
Interestingly, when the ribosome binding site in the construct was replaced with the 
native sdi stemloop, no effect on growth rate was observed, indicating that the structure 
is important for controlling basal level expression of the S gene.  Induction of MC4100 
ΔtonA (λΔSR) pSS-S107 showed that the lysis time of this construct is 11 minutes 
(Figure 3.11A).  Given that the goal of using this construct is to purify the processed 
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protein, a construct that causes slow growth and fast lysis was not ideal.  The non-lytic 
mutation, A52V, was introduced into pSS-S107.  Surprisingly, although this construct 
did not alter the growth rate of the cells, it was extremely toxic to the cells beginning at  
15 minutes after induction, causing the cells to passively rot (Figure 3.11A).  A test of 
pS107*A52V with and without DNP revealed that S107*A52V could not be induced to 
cause lysis (Figure 3.11B), nor did it cause the “rotting” phenotype observed with SS-
S107A52V.  A Western blot of cells expressing SS-S107A52V  revealed that two products 
were produced; the larger one corresponded to the molecular weight of the unprocessed 
form of SS-S107A52V and the smaller one corresponded to the processed form of SS-
S107A52V (Figure 3.12).  A His-tag (G2H6G2) was introduced at codon 94 (73) in the S  
 
 
 
 
 
 
 
 
 
 
 
 
A B
Figure 3.11.  Lysis curves of SS-S107, SS-S107A52V, and S107*A52V. A)  SS-S107 
causes lysis at 11’ after induction; SS-S107A52V causes cell death and rotting starting 
at 15’ after induction.  B) S107*A52V is not harmful to cells, and does not cause lysis 
or rotting even after the addition of 5 mM DNP. 
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gene in this construct, and the SS-S107A52V τ94 gene was cloned into a pET vector 
(Novagen) for overexpression.  Initial over-expression trials also showed that two 
products were produced, with the unprocessed form as the major (Figure 3.13).  Western 
blots with the C-terminal S antibody, the His-tag antibody (Amersham), and the  
Figure 3.12. Western blot of  cells expressing pS105 or pSS-S107A52V.  Sample was taken 
15’ after induction.  Lane 1, S105 sample, lane 2, empty, lane 3, SS-S107A52V, lane 4, 
empty, lane 5, molecular weight marker.  Solid arrow indicates unprocessed form of SS-
S107A52V, dashed arrow indicates processed form. 
Figure 3.13.  Overexpression of SS-S107A52Vτ94. Lane 1, molecular weight marker, 
lanes 2, 4, 6, 8, 10, and 12 are empty, lanes 3, 5, 7, 9, 11, 13, samples from cells 
overexpressing SS-S107A52Vτ94 at 0’ 30’ 60’ 90’ 120’ and 150’, respectively. 
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N-terminal S107 antibody showed that the His-tag antibody had much lower sensitivity 
than the α-S C-terminus antibody, although this has previously been shown (C. Langlais 
and R. White, unpublished data), and that  the α-S107 N-terminus antibody either had 
even lower sensitivity, or did not recognize the processed product (Figure 3.14).  
However, since the α-S C-terminus antibody recognizes a significant amount of S 
protein produced from the over-expression of SS-S107A52V 94H, purification was 
performed as previously described.  The processed and unprocessed forms of purified 
SS-S107A52V 94H were sequenced by Edman degredation and the sequence of the N-
termini of both proteins were as predicted (data not shown), indicating that signal 
sequence of SS-S107A52V 94H is cleaved correctly.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. Western blot of overexpressed SS-S107A52Vτ94 with different 
antibodies.  Lanes 1, 5, 10, 30’ sample, lanes 2, 7, 11, 60’ sample, lanes 3, 9, 
molecular weight marker, lanes 4, 6, 8 are empty; lanes 1, 2, α-S C-terminus 
antibody, lanes 4-8, α-S107 N-terminus antibody, lanes 10, 11, α-His-tag 
antibody. 
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Discussion 
Although the holin and endolysin are the only two proteins required for lysis 
under standard laboratory conditions, many phage also encode an antiholin (11).  For 
many phages, the holin and antiholin are encoded by the same gene, and are expressed 
via a dual-start motif, with the longer of the two products functioning as the antiholin 
and differing from the holin by only a few residues (one or more of which is positively 
charged) at the N-terminus (11).  The most-well characterized dual-start holin/antiholin 
pair is S105 and S107 of bacteriophage λ.  It has been proposed that S107 has different 
topology than S105, and that this altered topology gives S107 its antiholin character 
(76).  The results presented here confirm that hypothesis, indicating that N-terminus (and 
therefore TMD1) of S105 exists the cytoplasm very rapidly, while the N-terminus of 
S107 does not, since S107’s N-terminus (and TMD1) are prevented from transversing 
the membrane by the pmf. 
 Characterization of the deletion allele, S105ΔTMD1, revealed that in addition to 
being completely defective for lysis, it was also an effective antiholin.  Thus, the absence 
of TMD1 from the membrane confers antiholin character to S105ΔTMD1, indicating that it 
is the absence of TMD1 from the membrane and not the presence of the N-terminus in 
the cytoplasm that makes S107 an antiholin, via its alternative topology.  In addition to 
being completely lysis defective, S105ΔTMD1 cannot be artificially triggered to cause lysis 
with energy poisons, indicating that TMD1 is essential for hole formation.  Unlike the 
block imposed by S107, the lysis block caused by co-expressing S105 and S105ΔTMD1 
cannot be subverted by energy poisons, which means that the sentinel function of the 
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holin-antiholin complex has been abolished.  The ability of the holin, and in the case of 
S107, the antiholin, to be triggered by depolarization of the membrane is critical, since it 
serves as a sensor of the outside environment.  Without the sentinel function, other 
phages would be allowed to co-infect hosts that already have productive infections in 
progress, thus decreasing the ability of phage to compete with other phages. 
 In initial tests, the block imposed on S105 by S105ΔTMD1 was very strong, and 
could not be subverted even with the addition of energy poisons. Western blot analysis 
revealed that the expression systems used in those experiments gave a 1:7 ratio of S105 
to S105ΔTMD1.  Altering the expression system such that the ratio of expression was 
closer to 1:1-2 showed that in the absence of a severe excess of S105ΔTMD1, the block 
was temporary.  This suggested that in the first experiments, the block was permanent 
because all of the S105 molecules were interacting with the S105ΔTMD1, and therefore a 
large enough population of S105 homodimers could not accumulate and effect hole 
formation.  Cu(Ph3) crosslinking confirmed this hypothesis, since no S105 homodimer 
band was observed in the S105ΔTMD1 sample, and the amount of S105ΔTMD1 far exceeded 
the amount of S105 present in the sample.  In the second set of experiments, since the 
ratio was only approximately 1:1.5, a significant portion of the S105 molecules were free 
to interact with each other, and eventually accumulated to a level that supported hole 
formation, resulting in lysis.  This indicated that the ratio of holin:antiholin is important 
for the scheduling of lysis, although it is the amount of “free” S105 that determines lysis 
timing.  Based on the dominance/recessiveness tests of many S105 alleles, mutations 
were selected to create mutants to test whether the strength of the S105-S105ΔTMD1 
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interaction is also important.  Only a few of those mutants, however, exhibited decreased 
inhibition of wild-type, despite the fact that all of the mutants, in the S105 context, 
presumably do not interact with S105 since they are either lytic dominant or recessive 
alleles.  This indicates that TMD1, in addition to be essential for lysis, influences the 
intermolecular interactions of S.  Several mutants of S105ΔTMD1 did not inhibit S105 as 
well as the wild-type S105ΔTMD1, and Cu(Ph3) crosslinking revealed that this is because 
they do not interact as well with S105.  While no S105 homodimer band was observed 
for either the S105ΔTMD1 or S105ΔTMD1 A52V, both of which cause a permanent lysis block 
when expressed in severe excess of the wild-type, an S105 homodimer band 
approximately equivalent to the one seen in the S105 only sample was observed in the 
S105ΔTMD1 A52G sample.  This indicates that if a population of S105 is able to accumulate 
to the appropriate level in the absence of interaction with S105ΔTMD1, lysis will occur 
regardless of the amount of S105ΔTMD1 present.  Similarly, when S105A52G is expressed 
with S105ΔTMD1 A52G, strong inhibition of lysis is observed, and this inhibition is 
correlated with crosslinking, while expressing S105A52G is expressed with S105ΔTMD1 
leads to decreased inhibition and crosslinking.  The effects of the various S105ΔTMD1 
alleles on plaque formation by λS105 confirmed this result.  S105ΔTMD1 and S105ΔTMD1 
A52V both cause a significant decrease in plaque size and in efficiency of plating, where 
S105ΔTMD1 A52G, which shows decreased inhibition of S105, has a smaller and less 
dramatic effect.  Thus, in addition to the ratio of holin to antiholin molecules, the 
strength of the interaction between the holin and antiholin molecules is also important 
for inhibition.   
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Given the apparent importance of the ratio of holin to antiholin ratio in the 
scheduling of lysis, further studies of the control of this ratio are required.  Since S105 
and S107 differ so little, and many conditions will need to be tested, a simple and 
sensitive assay, such as an ELISA or quantitative Western blotting, would ideally be 
employed.  Antibodies specific to either protein with little cross recognition were 
obtained, but both ELISA assays and quantitative Western blotting require purified S105 
and S107.  S105 has been purified successfully in several studies (21, 67, 70, 72), but 
S107 with the native N-terminal sequence (MKMPEK…) has not been purified.  Several 
attempts to create a construct that expressed only S107, and not S105, failed.  Western 
blot analysis of the successful construct, pSS-S107A52V 94H, revealed that a significant 
amount of protein was produced, although the expression of the SS-S107A52V 94H results 
in cell death observed due to membrane toxicity effects only 15 minutes after induction.  
Analysis of the processed, purified form of SS-S107A52V 94H, revealed that the signal 
sequence is cleaved correctly, despite the fact that the N-terminal S107 antibody does 
not recognize the protein.  It is not clear why the N-terminal S107 antibody does not 
recognize the processed, purified form of SS-S107A52V 94H, and the issue is currently 
under investigation. 
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CHAPTER IV 
LOCALIZATION STUDIES 
 
Introduction 
The timing of host lysis is the only decision made in the bacteriophage lytic 
cycle.  To optimize timing, double-stranded DNA phages use a 2-component lysis 
system consisting of a soluble muralytic enzyme, the endolysin, and a small membrane 
protein, the holin.  The holin is the key to timing; it accumulates harmlessly in the 
membrane until, at an allele-specific time, it triggers to form a lesion in the membrane, 
allowing the endolysin to escape across the bilayer and degrade the cell wall, causing 
lysis within seconds.  The lysis genes of bacteriophage λ have been well characterized 
(86).  The λ holin, S105, has been shown to oligomerize in the inner membrane (36, 87), 
and this oligomerization is required for hole formation (36).  The hole formed by S105, 
with a diameter of at least 15 nm, is larger than any other known transmembrane channel 
formed by alpha-helical proteins, and is non-specific (81).   
The current model for hole formation proposes that S105 forms “rafts” in the 
cytoplasmic membrane, and that these rafts grow until a defect occurs, causing local pmf 
depletion and holin triggering (81).  Although oligomerization is required for hole 
formation (36), and the hole formed by S105 is very large, the exact steps of lesion 
formation, the number of holes per cell, and the exact size of the hole-forming complex 
are unknown.   
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Here, we report localization studies using GFP-fusion technology to investigate 
the process of hole formation at the single-cell level, in an attempt to determine the steps 
of hole formation and the number of holes per cell, and to characterize the “hole” or 
lesion complex .   
   
Materials and methods   
 
Materials, strains, bacteriophage, plasmids, and growth media 
FM-464 was purchased from Invitrogen Molecular Probes (Eugene, OR). All 
other reagents were of the highest purity commercially available. The strains XL1Blue 
and BL21(DE3), the lysis-defective thermoinducible prophages λΔSR, λS105ΔTMD1, and 
λSam7, and the lysis-proficient thermoinducible prophages λS105 (expressing S105) 
have been described previously (35, 57, 70, 73).  The plasmids used in this work are 
described in Table 4.1. 
 
Table 4.1. Strains, phage and plasmids. 
Strain, phage or 
plasmid Genotype/features 
Source or 
reference 
Strains   
MC4100 ΔtonA 
E. coli K-12 F- araD139 Δ(argF-
lac)U169 rpsL15 relA1flbB3501 deo 
pstF25 rbsR ΔtonA 
Lab stock 
MDS12 ΔtonA 
MG1655 with 12 deletions, totaling 
376,180 nt including cryptic 
prophages; ΔtonA 
(45) 
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Table 4.1 Continued 
Strain, phage or 
plasmid Genotype/features 
Source or 
reference 
XL1Blue 
E. coli K-12 recA endA1 gyrA96 thi1 
hsdR17 supE44 relA1 lac [F’ proAB 
lacZΔM15::tn10] 
Stratagene 
Phage Description Source 
λΔSR Δ(stf-tfa)::cat cI857 Δ(SR) (72) 
λSam7 Δ(stf-tfa)::cat cI857 Sam7 (73) 
λS105 Δ(stf-tfa)::cat cI857 SM1L (73) 
   
Plasmid Description Source 
pS105 λ lysis gene region with SM1L cloned into pBR322, ampR (36) 
pS105*RE19Q Same as pS105, but with RE19Q Lab stock 
pS105*2 Same as pS105, but with RzQ100am and RzW38am 
Lab stock 
pλ81-2 Same as pλ81, but with RzQ100am and RzW38am 
(82) 
pS105(xR)GFP2aa 
Same as pS105, but with GFPmut2 A206K 
fused to the C-terminus of S105 with a 
2aa (PG) linker 
 
This study 
pS105(xR)GFP9aa 
Same as pS105, but with GFPmut2 A206K 
fused to the C-terminus of S105 with a 
9aa (PGASSGAGG) linker 
 
This study 
pS105(xR)GFP13aa 
Same as pS105, but with GFPmut2 A206K 
fused to the C-terminus of S105 with a 
13aa (PGSAGAASGSAGG) linker 
 
This study 
pS105(xR)GFP20aa 
Same as pS105, but with GFPmut2 A206K 
fused to the C-terminus of S105 with a 
20aa (PGASSGAGGSAGAASGSAGG) 
linker 
 
This study 
pS105(xR)GFP30aa 
= pS105ΦGFP 
Same as pS105, but with GFPmut2 A206K 
fused to the C-terminus of S105 with a 
30aa (PGSASGAAGAGSASSGAGGSA 
GAASGSAGG) linker 
This study 
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Table 4.1 Continued 
Strain, phage or 
plasmid Genotype/features 
Source or 
reference 
pSwtΦGFP Same as pS105 ΦGFP, but without the Met1Leu mutation (82) This study 
pS105A52GΦGFP 
Same as pS105 ΦGFP, but with the 
Ala52Gly mutation (82) This study 
pS105A52VΦGFP 
Same as pS105 ΦGFP, but with the 
Ala52Val mutation (82) This study 
pS105ΔTMD1ΦGFP 
Same as pS105 ΦGFP, but with the 
ΔTMD1 mutation (82) This study 
pS105ΔTMD1ΦCherry
FP 
Same as pS105 ΦGFP, but with the 
ΔTMD1 mutation (82) and CherryFP (88) 
instead of GFP 
This study 
   
 
Media, growth conditions, and thermal induction of the λ lysis genes from a 
prophage and/or plasmid have been described previously (17, 37, 72).  Bacterial cultures 
were grown in standard LB medium supplemented with ampicillin (100 μg/ml) and 
chloramphenicol (10 μg/ml) for the maintenance of plasmids and prophage, respectively.  
 
Standard DNA manipulations, PCR, site-directed mutagenesis, and DNA 
sequencing 
Isolation of plasmid DNA, DNA amplification by PCR, DNA transformation, 
and DNA sequencing were performed as previously described.  Primers were obtained 
from Integrated DNA Technologies, Coralville, IA, and were used without further 
purification.  Restriction and DNA-modifying enzymes were purchased from New 
England Biolabs; all reactions using these enzymes were performed according to the 
manufacturer’s instructions.  Site-directed mutagenesis was performed using the 
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QuikChange kit from Stratagene as described previously (37).  The DNA sequence of all 
constructs was verified by automated fluorescence sequencing performed at the 
Laboratory for Plant Genome Technology at the Texas Agricultural Experiment Station.   
 
Plasmid construction and generation of recombinant bacteriophage 
The primers used in this study are listed in Appendix A.  All enzymatic reactions 
were performed according to the manufacturer’s instructions.  The plasmid pR’GFPA206K 
was created by subcloning the BamHI/HindIII GFPmut2 fragment from pDS439 (69) into 
pRE (52), creating the plasmid pR’GFP.  The monomerization mutation A206K (88) was 
introduced into pR’GFP via site-directed mutagenesis.  The plasmid pS105(xR)GFP2aa 
was constructed via splicing by overlapping extension (SOE) PCR (42) from pS105 and 
pR’GFPA206K using primers SEcoRI For, SxRGFP For-RC, SxRGFP For, and GFP 
ClaI/XhoI Rev.  Briefly, these primers were used to amplify S105 from pS105 and 
GFPA206K from pR’GFPA206K (referred to as GFP in this work), respectively, with 26 
nucleotides of S105 on the 5’ end of the two amino acid linker and 26 nucleotides of 
GFP on the 3’ end of the linker.  The primers used for the initial amplification mutated 
the ATG of the R gene (via silent mutation of the S gene) to inactivate any translation 
from the R translational start site.  The two products were PCR purified using the PCR 
Purification Kit (Qiagen), and then used as template in the second PCR reaction with 
SEcoRI For and GFP ClaI/XhoI Rev.  The resulting PCR product was PCR purified, 
digested with EcoRI and AatII, ligated with T4 DNA ligase into EcoRI-AatII cut, gel-
purified pS105, and transformed into XL1 Blue.  Transformants were screened via 
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colony PCR, and plasmids from candidates that tested positive were sequenced.  The 
linker was successively elongated to 9, 13, 20, and 30 amino acids using QuikChange 
Mutagenesis.  Following DpnI digestion, the products were PCR purified, treated with 
T4 Polynucleotide kinase and ligated with T4 DNA ligase (according the manufacturer’s 
instructions).  The ligation was transformed into XL1 Blue; transformants were screened 
by colony PCR and plasmids from candidates that tested positive were sequenced.  The 
resulting plasmids were called pS105(xR)GFP9aa, pS105(xR)GFP13aa, 
pS105(xR)GFP20aa, and pS105(xR)GFP30aa, respectively; the plasmid pS105(xR)GFP30aa 
was chosen for further study and will be called pS105ΦGFP for the remainder of this 
work.  S105 mutants of pS105ΦGFP were created via site-directed mutagenesis as 
previously described (82). 
To create pS105ΦGFP R+Rz+Rz1+,  the R, Rz and Rz1 genes from pS105 were 
amplified with R XhoI For and pS105 ClaI Rev.  Following PCR purification and 
digestion with XhoI and ClaI, the PCR product was ligated into XhoI-ClaI cut, gel-
purified pS105ΦGFP, and transformed into XL1 Blue.  Transformants were screened by 
colony PCR and plasmids from candidates that tested positive were sequenced.   
The plasmid pS105ΔTMD1ΦCherryFP was constructed via SOE PCR (42) from 
pS105ΔTMD1ΦGFP and pmCherry (88) using primers SEcoRI For, 30aa CherryFP For, 
30aa CherryFP For-RC, and CherryFP Rev.   
 Recombinant phage were constructed as follows: Plasmids were transformed into  
MDS12 ΔtonA (λΔSR) and individual transformants were grown up and induced as 
previously described.  Chloroform (final concentration, 1%) was added to the cultures 2 
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hours after induction, or when lysis was complete; in the case of R- constructs, 10 mls of  
cells were harvested by centrifugation (3,000 rpm in clinical centrifuge), resuspended in 
2 ml of λ dilution buffer, and disrupted by passage through a French pressure cell 
(Spectronic Instruments, Rochester, NY) at 16,000 lb/in2 (1 lb/in2 = 6.89 kPa) to release 
the progeny (chloroform was added to a final concentration of 1% after lysis).  Lysates 
were cleared by centrifugation (3,000 rpm in a clinical centrifuge).  Serial dilutions of 
the lysates were plated on either MDS12 or LE392.  The resulting plaques were plaque 
purified by streaking on a fresh lawns of either MDS12 or LE392.  Pickates of purified 
plaques were used to lysogenize MC4100 ΔtonA; lysogens were selected for by plating 
on LB plates containing chloramphenicol and were screened for single prophages using 
Single Prophage PCR (55).  Positive candidates were used for lysis curves and to create 
phage stocks.   
 
Protein sample preparation, SDS-PAGE and Western blotting 
Detergent extracts enriched in inner membrane proteins were obtained as 
previously described (17). Briefly, cultures were induced at an A550 of 0.3-0.4.  After 
lysis was complete or 100 minutes after induction in cases where lysis does not occur, 10 
ml aliquots of the induced cultures were disrupted by passage through a French pressure 
cell (Spectronic Instruments, Rochester, NY) at 16,000 lb/in2 (1 lb/in2 = 6.89 kPa).  
Following a brief clearing spin, the membrane fraction was collected by centrifugation at 
100,000 x g for 60 min at 18°C.  The membrane pellet was resuspended in 50 μl of 
membrane extraction buffer (1% Empigen BB, 10% glycerol, 0.5 M NaCl, 20 mM Tris-
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HCl, pH 8.0) containing 35 mM MgCl2 to stabilize the outer membranes.  This mixture 
was incubated for 12 to 14 h at 37°C and detergent-insoluble material was removed by 
centrifugation at 100,000 x g for 45 min at 18°C. The detergent-soluble fraction was 
diluted 1:1 with 2X protein sample loading buffer prior to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis.  Proteins were separated on 
16.5% SDS-PAGE with a 4% stacking gel. Western blotting and immunodetection with 
anti-S antibodies were performed as described previously, with the exception that the 
GFP fusion proteins were detected with either the α-S105 N-terminus (Bethyl 
Laboratories, Conroe, TX) or α-GFP antibodies (Stressgen, Ann Arbor, MI) (37). 
 
TCA precipitation 
1 ml or 5 ml culture aliquots were added to 111 μl or 555 μl, respectively, of 
cold, 6.1 N trichloroacetic acid, then placed on ice for 30 minutes.  The precipitate was 
collected by centrifugation (15,000 rpm in a tabletop microcentrifuge or 3,000 rpm in a 
clinical centrifuge, respectively) and washed once with acetone, resuspending the pellet 
completely.  Pellets were air-dried and resuspended in SDS-PAGE loading buffer and 
run on gels as stated above. 
 
Fluorescence microscopy 
 Fluorescence microscopy was performed as previously described (47, 54), with 
the exception that the cells were thermally induced.  Briefly, 100 µl of an overnight 
culture was harvested and resuspended in 1 ml phosphate buffered saline (PBS); 10 µl of 
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the cell suspension was then placed on an agarose pad (1.2% agarose, 0.25X LB, 0.5 
μg/ml FM 4–64; for cells expressing CherryFP fusions, the FM 4-64 was omitted). The 
agarose pad was heated to 30°C on the stage of the microscope via the WeatherStationTM 
environmental chamber; the pads were incubated for 2-2.5 hours, and then placed 
between two modular heating blocks in a 42°C incubator (the blocks were equilibrated to 
42°C in the incubator overnight prior to the experiment) for 15 minutes to thermally 
induce the λ prophage.  Following thermal induction, the pads were placed back on the 
stage (the temperature of the stage and WeatherStationTM was increased to 37°C during 
the thermal induction period) and images of cells were captured at the times indicated.  
For time lapse experiments, cells were grown on agarose pads as described and mid-
plane images were captured at 1 minute intervals from 75’ to 105’ after induction.  
Images were captured with an Applied Precision Spectris optical sectioning microscope 
system equipped with an Olympus IX70 microscope, an Olympus Plan Apo 100X oil 
immersion objective (NA 1.4), a Photometrics Cool SNAP HQ digital camera and Delta 
Vision standard fluorescence filters: FITC for GFP visualization (excitation: blue 490/20 
nm; emission: green 528/38 nm) and RD-TR-PE for FM-464 visualization (excitation: 
green 550/28 nm; emission: orange 617/73 nm). Using SoftWoRx software, 12 optical 
sections, 0.2 μm apart, were collected for each sample and deconvolved using the 
constrained iterative deconvolution algorithm.  Following deconvolution, the brightness 
and contrast of each fluorochrome were adjusted with softWoRx software, setting the 
area outside of cells to be background; images were saved as TIFF files.   
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Fluorescence Recovery After Photobleaching (FRAP) 
 FRAP experiments were conducted as previously described (13, 18).  Briefly, 
photobleaching experiments to assess the mobility of S105ΦGFP (or derivatives) used 
cells grown in liquid culture (0.25X LB, 0.5 μg/ml FM 4–64); 10 µl of cells were 
removed at the indicated times and applied to coverslips.  After collecting a pre-bleach 
image, photobleaching was achieved using a 0.05 s pulse of a 488 nm argon laser at 50% 
power, and subsequent GFP images were collected at 3.5 second intervals for up to 10 
minutes. Exposure times were limited to 1.5-2.5 seconds.  Images were quantified as 
previously described (13).  Briefly, the ‘‘edit polygon’’ function of the Delta Vision 
version 2.10 software was used to defined individual polygons to represent the 
background fluorescence, the entire membrane region, and completely unbleached or 
bleached regions of the cell. Average mean fluorescence from the background region 
was subtracted from all time points prior to data processing.  Since there is an overall 
loss of fluorescence caused by photobleaching during image acquisition, mean 
fluorescence for each data region was adjusted for the losses by correcting the values 
with the application of a ratio created by dividing the first whole-cell fluorescence 
postbleach value by the last whole-cell fluorescence postbleach value.  Data were plotted 
as time versus mean fluorescence for the unbleached region, the bleached region, and the 
whole cell fluorescence. To calculate the pixel intensity expected for the theoretical 
equilibration point, each whole-cell fluorescence ratio was applied to its corresponding 
mean whole-cell fluorescence value, and it is represented on the graphs as a dotted line.  
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Raft isolation experiments 
 Cells were induced as described.  After holin triggering, cells from 30 ml 
samples were collected by centrifugation and the pellets were resuspended in 250 μl of 
25% sucrose, 30 mM Tris-HCl, pH 8.0. Then, 10 μl of 0.25 M EDTA, 10 μl of lysozyme 
(20 mg/ml in water), and 250 μl of distilled water were added, sequentially, and the 
mixtures were incubated for 10 minutes at room temperature.  Next, 100 μl of 1M 
MgCl2, 10 μl of 10 mg/ml DNase I, and 10 μl of 10 mg/ml pancreatic RNase were added 
and the samples incubated at room temperature for 30 minutes with occasional mixing.  
When microscopic examination showed that ~95% of the cells had formed spheroplasts, 
an equal volume of 1% detergent was added to rupture the spheroplasts.  Detergents 
were screened to determine which would solubilize the membrane but not disrupt the 
rafts.  Digintonin was chosen for use in the gradients, since it yielded maximum 
preservation of the rafts.  The cell extracts were then layered on were layered on the top 
of 12 ml gradients of 5–30% sucrose in the solubilization buffer with a 55% cushion (6 
mM Tris, pH8.0, 2 mM EDTA, 0.1% digitonin), and centrifuged at 25°C in a SW41 
rotor (Beckman) at 35,000 rpm for 4 hrs. Thirty-three, 400 µl fractions were collected 
from the top of the gradient.  Protein distribution along the gradient was examined by 
SDS–PAGE, Coomassie brilliant blue staining, and S105 or S105ΦGFP were detected 
by immunoblotting as previously described. 
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Results  
 
Effects of linker length on holin function 
 Mutants of S105 must be tested for both lysis timing and lysis efficiency to 
ensure that the hole is formed normally.  Given S105’s sensitivity to single amino acids 
changes, fusing it to green fluorescent protein (GFP), a protein approximately 2.5 times 
larger, would more than likely have a detrimental effect on lysis timing.  Initial fusions 
of S105 and GFP, where GFP was inserted after codon 94 – the position of the His-tag 
insertion with the least affect on lysis timing or efficiency – were non-functional (data 
not shown).  Fusing GFP to the extreme C-terminus with an intervening linker of only 2 
amino acids resulted in a partially functional holin (Figure 4.1).  Successively 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Lysis curves of S105ΦGFP fusions.  (●) λSam7 + pS105(xR)GFP2aa, (■) 
λSam7 + pS105(xR)GFP2aa, (●) λSam7 + pS105(xR)GFP9aa, (■) λSam7 + 
pS105(xR)GFP13aa, (♦) λSam7 + pS105(xR)GFP20aa, (●) λSam7 + pS105(xR)GFP30aa, 
and (●) λSam7 + pS105. 
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lengthening the linker resulted in increased holin function (Figure 4.1).  All of the 
fusions were localized to the membrane (Figure 4.2), although there were slight 
differences in the amount of fusion protein produced.  The fusion construct with the 30 
amino acid linker was chosen for further study since it exhibited the best lysis 
phenotype, and will be called S105ΦGFP for the remainder of this work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
S105ΦGFP forms multiple rafts per cell 
 To visualize S105ΦGFP, deconvolution fluorescence microscopy was employed.  
Cells were grown and induced on agar pads, and images were captured every 15 minutes 
beginning at 30 minutes after induction (Figure 4.3; medial focal planes are shown).   
Figure 4.2.  Western blot analysis of S105ΦGFP fusions.  Samples were taken 75 
minutes after induction and membrane samples were prepared as described in 
Materials and Methods.  Lane 1, S105(xR)ΦGFP2aa soluble fraction, lane 2, 
S105(xR)ΦGFP2aa membrane fraction, lane 3, S105(xR)ΦGFP9aa soluble fraction, lane 
4, S105(xR)ΦGFP9aa membrane fraction, lane 5, S105(xR)ΦGFP13aa soluble fraction, 
lane 6, S105(xR)ΦGFP13aa membrane fraction, lane 7, S105(xR)ΦGFP20aa soluble 
fraction, lane 8, S105(xR)ΦGFP20aa membrane fraction, lane 9, S105(xR)ΦGFP30aa 
soluble fraction, lane 10, S105(xR)ΦGFP30aa membrane fraction, lane 11, molecular 
weight marker.  Note that S105(xR)ΦGFP2aa shows significantly less protein than the 
other samples. 
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These images showed that raft formation occurs very late after induction; only small 
rafts were seen as late as 90 minutes after induction (Figure 4.3).  Analysis of the optical  
sections from the 60 minute time point reveal that S105ΦGFP is very evenly distributed 
throughout the membrane (Figure 4.4); analysis of the optical sections from the 105 
minute time point (Figure 4.5) reveal that there are multiple rafts per cell, multiple sizes  
of rafts per cell, and that these rafts do not seem to localize to any particular section of 
the cell.  Although a direct analysis of the size of the rafts is not possible, based on the 
approximate number of S105ΦGFP molecules per cell (from quantitative Western 
blotting, data not shown), the largest of the rafts may consist of as many as 1,000 
molecules, and the smallest of the rafts may consist of as few as 50 molecules.  The 
number of large rafts per cell ranges from 0 to 9, with the average being 3.3 (for 229 
cells counted, Figure 4.6).  Analysis of S105 oligomerization mutants fused to GFP 
showed that the non-lytic mutants do not localize (Figure 4.7, only S105A52VΦGFP is 
shown), indicating that oligomerization is required for raft formation.  When the fast-
lysing mutant, the S105A52G is fused to GFP, it triggered with fewer molecules (as is the 
case without the fusion), and forms fewer smaller rafts than S105 (Figure 4.7), although 
the average number rafts is similar (3.7, 57 cells counted, Figure 4.6).  The SwtΦGFP 
fusion, which expresses both S105 and S107, forms more rafts than S105ΦGFP, and 
forms more larger rafts than S105ΦGFP (Figure 4.7). 
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60’ 75’
105’
Figure 4.3.  Fluorescence images of cells expressing S105ΦGFP.  The times at 
which each image was captured are indicated in each panel.  Membranes are 
stained with FM-464 (0.5 μg/ml).  Bar = 3 μm.  Some raft formation is 
observed in a few cells at 90’ after induction.  By 105’ after induction, all cells 
show rafts. 
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Figure 4.4. Optical sections of cells expressing S105ΦGFP before hole formation.  
Starting from the top left and moving left to right, top to bottom, the 12 optical 
sections show S105ΦGFP 60 minutes after induction, from the bottom of the cells 
through the top of the cells.  Membranes are stained with FM-464 (0.5 μg/ml).  
Bar = 3 μm.   
1 2 3
4 5 6
7 8 9 
10 11 12
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Figure 4.5.  Optical sections of cells expressing S105ΦGFP after hole formation.  
Starting from the top left and moving left to right, top to bottom, the 12 optical 
sections show S105ΦGFP 105 minutes after induction, from the bottom of the cells 
through the top of the cells.  Membranes are stained with FM-464 (0.5 μg/ml).  Bar = 
3 μm.   
1 2 3 
4 5 6 
7 8 9 
10 1 12
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Figure 4.7.  Fluorescence images of S105ΦGFP, SwtΦGFP, S105A52GΦGFP, and 
S105A52VΦGFP.  A, S105ΦGFP, 105 minutes after induction, B, SwtΦGFP, C, 
S105A52GΦGFP, D, S105A52VΦGFP, 120 minutes after induction.  Bar = 3 μm.  C 
inset, Western blot of S105ΦGFP fusions.  S105ΦGFP and S105A52GΦGFP 
samples were taken at the time of triggering, and S105A52VΦGFP sample was 
taken 120’ after induction.  Bar = 3 µm.  Lane 1, molecular weight marker, lane 
2, empty, lane 3, S105ΦGFP, lane 4, S105A52GΦGFP, lane 5, S105A52VΦGFP.  
Note the appearance of more rafts in SwtΦGFP and fewer in S105A52GΦGFP, 
and the lower amount of protein in the S105A52GΦGFP sample in the Western 
blot.  Interestingly, it appears from these images that FM 4-64 binds only the 
outer membrane, and does not bind the inner membrane. 
D C 
A B 
Figure 4.6. Histogram of the number of puncti per cell for S105ΦGFP and 
S105A52GΦGFP.  Only fluorescent puncti, or rafts larger than 3 pixels in 
diameter were counted as “large” rafts. 
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Large raft formation by S105ΦGFP is rapid 
 Since the time course experiments showed that raft formation occurs late after 
induction, between 90 and 105 minutes, a time-course experiment was conducted to 
determine when the rafts appeared, and if they grew in size prior to triggering.  Images 
were captured every minute from 75 minutes after induction to 105 minutes after 
induction.  These images show that although some small, transient rafts are present prior 
the appearance of large rafts, formation of the large, stable rafts occurs in less than a 
minute (Figure 4.8).  The timing of the appearance of the large rafts coincides with the 
triggering time of S105ΦGFP under similar growth conditions (data not shown).  This 
indicates that the rafts do not form and grow at a constant rate prior to triggering, but 
instead that appearance of the large rafts occurs suddenly, at or very near the time of 
triggering. 
 
Formation of rafts by S105ΦGFP is inhibited by S105ΔTMD1ΦCherryFP 
 It has been recently shown that the allele S105ΔTMD1 is a non-triggerable inhibitor 
of S105 (82).  To investigate the effects of S105ΔTMD1 on raft formation, S105ΦGFP and 
S105ΔTMD1ΦCherryFP were co-expressed and visualized.  S105ΦGFP and  
S105ΔTMD1ΦCherryFP co-localize (Figure 4.9), and in the presence of 
S105ΔTMD1ΦCherryFP, S105ΦGFP does not forms rafts for at least 1 hour after the 
normal time of raft formation (Figure 4.9).  Thus, S105ΔTMD1 inhibits the ability of S105 
to form holes by preventing raft formation. 
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S105ΦGFP rafts are non-mobile 
 In contrast to the smaller rafts formed prior to triggering, the large rafts formed 
by S105ΦGFP appeared to be non-mobile.  To test the mobility of S105ΦGFP, 
fluorescence recovery after photobleaching (FRAP) experiments were conducted.  The 
results indicated that prior to triggering, S105ΦGFP is mobile in the membrane (Figure 
4.10B) recovering fluorescence in 20 seconds.  The control, the non-lytic mutant 
S105A52VΦGFP, which does not form rafts, showed similar mobility (Figure 4.10A).  
After triggering, however, the large rafts formed by triggered S105ΦGFP are non-mobile 
and stable complexes, showing very little recovery over a 2 minute period (Figure 
4.10C).    
 
S105ΦGFP and S105 rafts can be isolated 
 Since the rafts formed by S105ΦGFP are stable complexes, we attempted to 
isolate the rafts using sucrose velocity gradients.  In order to do so, a detergent that 
solublized the membrane but did not disrupt the rafts was needed.  Initial trials using 22 
different detergents revealed that only digitonin preserved the rafts completely, although 
DDM also preserved the rafts to a much lesser extent (Figure 4.11).  Velocity gradient 
analysis of the detergent extracts revealed that S105ΦGFP rafts were stable through the 
gradient preparation and fractionation, and were very large, with an S value greater than  
19S (Figure 4.12).  Isolation of S105 rafts showed that they were also stable through the 
gradient preparation and fractionation, and the approximate S value of the peak fraction 
was 19S (Figure 4.13).  Initial attempts to visualize the rafts by transmission electron 
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microscopy failed because the samples were too dilute; however, several strategies to 
improve the method are currently being investigated.   
 
 
 
 
 
 
 
 
 
 
 
85’ 86’ 87’ 88’ 
89’ 90’ 91’ 92’ 
93’ 94’ 95’ 96’ 
Figure 4.8. Time-lapse images of cells expressing S105ΦGFP.  Starting at top left and 
moving left to right and top to bottom, the images were taken at 85’ to 96’.  Note that 
the large raft (indicated by white arrow) appears first at 94’, and does not migrate. 
Figure 4.9. Cells co-expressing S105ΦGFP and S105ΔTMD1ΦCherryFP at 150’. A, 
S105ΦGFP, B, S105ΔTMD1ΦCherry, C, overlay.  The presence of S105ΔTMD1ΦCherryFP 
prevents S105ΦGFP from forming rafts. 
A B C 
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Figure 4.10.  FRAP of S105ΦGFP and S105A52VΦGFP.  A, S105A52VΦGFP samples were 
taken 140 minutes after induction.  B and C, S105ΦGFP samples were taken at 45 and 140 
minutes after induction.  Relative fluorescence intensity of the bleached region (black circles) 
or an unbleached region (open circles) of the cell versus time.  The dashed line indicates full 
recovery.  The observed decrease in fluorescence for the unbleached region is due to 
photobleaching and to incorporation of bleached molecules into the unbleached region of the 
cell.  The observed increase in fluorescence in the bleached region of the cell is due to 
unbleached molecules moving into the bleached region.  Little recovery is observed for 
S105ΦGFP after triggering, as evidenced by the fact neither the line for the bleached and 
unbleached region reaches the dashed line, and the increase of fluorescence in the unbleached 
region is minor.  
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Figure 4.11. Fluorescence images of ruptured spheroplasts made from cells expressing 
S105ΦGFP.  A, SDS-ruptured spheroplasts, B, digitonin ruptured spheroplasts, C, 
DDM ruptured spheroplasts. Note that there is only some large debris present in the 
SDS sample, while the digitonin sample shows punctuate fluorescence; the DDM 
sample also shows punctuate fluorescence, but the foci are much smaller than the foci 
present in the digitonin sample. 
A B C 
Figure 4.12. Fractionation of digitonin-solubilized S105ΦGFP cell extracts by velocity 
gradient centrifugation.  The gels were loaded with the fractions from the top of the 
gradient on the left to the bottom of the gradient on the right.  A, Coomassie stained gel 
and fluorescence scan overlay, B, Western blot using α-S105 N-terminus antibodies.  
The higher bands in the Western blot are due to the unfolding of GFP. 
A 
B 
11S 30S 19S 
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Discussion 
Although much is known about the regulation of S, little is known about the 
actual lesion formed by S.  The λ holin, S105, accumulates harmlessly in the inner 
membrane until, at a genetically programmed time, it triggers to form the hole, releasing 
the endolysin and causing lysis (38).  Since S105 is very small, and the hole it forms is 
very large (81), it must oligomerize to accomplish hole formation; S105 has indeed been 
shown to oligomerize, and this oligomerization is necessary, although not sufficient, for 
hole formation (36).  Based on these and other data, it was proposed that S105 forms 
“rafts” in the inner membrane in order to form a hole (81).    In order to test this 
hypothesis, a fusion of S105 and GFP was created.  Initial fusions, where GFP was fused 
to S105 at position 94, were non-functional, in that they did not trigger and kill the cells, 
nor did they release the endolysin.  When GFP was fused to the extreme C-terminus of 
S105 via a 2 amino acid linker, the construct exhibited a slow, inefficient lysis profile 
11S 19S 30S
Figure 4.13. Fractionation of digitonin-solubilized S105 cells extracts by velocity 
gradient centrifugation.  The gel was loaded with the fractions from the top of the 
gradient on the left to the bottom of the gradient on the right, and the Western blot 
was probed with α-S C-terminus antibodies. The S value peaks are indicated above 
the gel.  The peak fraction of S105 corresponds to the 19S peak fraction. 
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indicating that the hole could form, but that it did not release endolysin efficiently.  
Subsequent fusions with longer linkers were created, and the lysis profile improved as 
the linker length increased.  Interestingly, the construct with the 30 amino acid linker 
shows the most similar lysis profile to S105, except that the timing of lysis is 
significantly delayed.  This indicates that the presence of GFP does not affect the size of 
the hole, since the slope of the lysis curves for S105ΦGFP and S105 are very similar, but 
that it affects timing.  GFP is approximately 2.5 times larger than S105, and this may 
cause some steric hindrance, even with the 30 amino acid linker, which would explain 
why shorter linker length constructs were less effective holins.  Western blot analysis of 
cells expressing the S105-GFP fusion constructs showed that the construct with the 2 
amino acid linker accumulated less protein than the others, although it is not known 
whether this is due to a difference in translation rate or degradation.  The mutant 
S105A48V does not form dimers or higher oligomers, and is proteolytically unstable (36).  
Accordingly, if the steric hindrance caused by fusing S105 to GFP with such a short 
linker prevents the protein from oligomerizing effectively, it may be degraded. 
Visualization of S105ΦGFP at various times after induction reveals that for at 
least the first 60 minutes after induction, S105ΦGFP is evenly distributed throughout the 
membrane, and shows no subcellular localization.  At the 75 minute and 90 minute time 
point however, small, transient rafts are observed, although there is no difference in the 
apparent size of the rafts for the two time points.  This indicates that these small rafts do 
not grow in size prior to triggering.  After triggering, multiple rafts of multiple sizes are 
visible in each cell; the average number of large rafts per cell is approximately 3.   
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Assuming that the rafts are actually the holes, the fact that there are smaller rafts 
in addition to the large ones is interesting.  This could mean that once a large raft is 
formed, and presumably triggered to form a hole, the resulting pmf depletion would 
trigger all the other S105ΦGFP molecules to form holes, although those holes would be 
smaller.  It is known that artificially triggering S105 with energy poisons results in 
smaller holes than when S105 triggers normally (81); the same process may occur during 
normal triggering, with the exception that there are also multiple large holes.  It should 
be noted that the experiments which indicated a difference in hole size with or without 
artificial triggering showed that the smaller holes caused by prematurely triggering S105 
with energy poisons were large enough to release the endolysin, implying that these 
smaller holes are fully functional, despite their size.  Optical sections of the 105 minute 
time point reveal that some rafts are not visible at all planes of focus, indicating that 
there is no subcellular localization within the depth of the cell.  This, taken together with 
a lack of specific subcellular localization along the length and width of the cell, indicates 
that S105ΦGFP does not localize to any particular part of the host cell.  Time-lapse 
images of S105ΦGFP show that the large rafts appear suddenly at around 94 minutes 
after induction, which corresponds well with the lysis time for S105ΦGFP under the 
conditions used for microscopy (data not shown).   
 Mutants of S105 were also fused to GFP to test their localization pattern to 
determine the effects of the mutations on the ability of S105 to form rafts.  All of the 
non-lytic alleles tested were blocked at the dimer stage of oligomerization, with the 
exception of S105R59C, which forms higher oligomers (up to a heptamer), but is still non-
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lytic.  All of these mutants showed no raft formation, even well after the wild-type 
S105ΦGFP had triggered.  This agrees with previous findings (36) that oligomerization 
is necessary but not sufficient for hole formation or raft formation.  The early lysing 
mutant, S105A52G, showed similar raft formation to S105ΦGFP when fused to GFP, with 
the exception that there were fewer smaller rafts.  Like S105A52G, S105A52GΦGFP 
triggers with much less protein than the wild-type.  This, taken together with the fact that 
S105A52GΦGFP forms fewer smaller rafts, implies that S105A52GΦGFP has a higher self-
affinity that the wild-type.   
 FRAP analysis of S105A52VΦGFP and S105ΦGFP prior to triggering reveals that 
the two proteins behave similarly, recovering from photobleaching within 20 seconds.  
After triggering, however, FRAP of S105ΦGFP showed that the large rafts are 
immobile, and little recovery was observed.  These results indicate that S105ΦGFP prior 
to triggering is freely diffusible in the membrane, as is S105A52VΦGFP; since 
S105A52VΦGFP is blocked at the dimer stage of oligomerization, it is conceivable that 
S105ΦGFP exists as dimers prior to raft formation.  Little to no recovery after 
photobleaching is observed for the large rafts for more than 2 minutes after bleaching.  A 
t1/2 of 2 minutes corresponds to a diffusion coefficient of 0.002 µm2 sec-1; this 
approximately 50 lower than the diffusion coefficient for either S105A52VΦGFP or 
S105ΦGFP prior to triggering.  The small amount of recovery observed in the FRAP 
analysis of S105ΦGFP after triggering is most likely due to the smaller rafts present in 
the cell, since they would be mobile, and could thus diffuse into the bleached area. 
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 Since the rafts are stable and seem to be very large, we attempted to isolate the 
rafts using a velocity gradient.  Using S105ΦGFP as a screening tool, we determined 
that only the detergent digitonin preserved the rafts while solubilizing the membrane.  
Velocity gradient analysis of the digitonin extracts of cells expressing S105ΦGFP 
showed that the rafts were stable enough to withstand the gradient procedure, and that 
they are indeed very large, with an S value greater than 19S.  Similarly, the extracts from 
cells expressing S105 showed that rafts formed by S105 are also stable and very large;  
the S105 peak fraction coincided with the 19S peak fraction.  Unfortunately, attempts to 
visualize the rafts by transmission electron microscopy failed because the samples were 
too dilute. 
 A recent study modeling the process of hole formation by S105 predicted several 
of these results (65).  The authors of that study show mathematically that lysis timing is 
dominated by raft formation, and that raft formation occurs very close to the lysis time, 
and that late raft formation is necessary for precise lysis timing.  Additionally, they show 
that the delay between large raft formation and hole formation should be very small (65).  
Our time-lapse data show the rapid formation of large rafts very late after induction, and 
we assume that these large rafts correspond to holes.  Interestingly, the authors also point 
out that in their model, holin molecules can form small, transient rafts prior to the 
nucleation of the large rafts and hole formation; this fits our observations of small rafts 
appearing as early as 75 minutes after induction.  The modeling study also shows that 
stronger interactions between holin molecules (i.e., self-affinity) will lead to earlier raft 
nucleation and thus an earlier lysis time.  Additionally, their model indicates that there 
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will be on average 2 rafts per cell, and that the average number of S105 molecules per 
raft will be 505 (65), which correspond with the numbers from our localization studies.   
This study has answered several questions about the lesion formed by S105; the 
model for hole formation based on this data is presented in Figure 4.14.  Since S105 
accumulates in the inner membrane without localizing or forming rafts until just before 
lysis; the large rafts, which we believe are holes, form suddenly just before or at the time 
of hole formation.  Lysis timing, then, is controlled by the formation of these large rafts.  
Future studies will focus on visualizing the hole using cryo-electron tomography and 
improving the sucrose gradient isolation protocol so that the rafts can be further 
characterized and visualized by transmission electron microscopy.  
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Figure 4.14.  Model for hole formation by S105.  S105 accumulates in the 
membrane as dimers and is evenly distributed throughout the membrane until just 
before triggering.  Given that the antiholin inhibits hole formation by directly 
interacting with the holin, inhibition probably occurs through the formation of 
holin/antiholin heterodimers; the higher the number of heterodimers formed, the 
greater the inhibition of lysis.  If oligomerization is blocked, as in the case of 
S105A52V, no nucleation occurs and lysis is blocked.  Adding an energy poison 
prematurely triggers the formation of holes, and presumably precipitates raft 
formation, although the holes formed are smaller than holes that trigger normally 
(10).  The rate limiting step of hole formation is the formation of large rafts, which 
appear suddenly just before or at the time of hole formation. 
= S molecules
HoleEvenly dispersed 
dimers
energy 
poison
Spontaneous 
channel
Block 
oligomerization 
= no lysis
= no nucleation
"Death
Raft"
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CHAPTER V 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
It is not often appreciated that the timing of host lysis is the only decision made 
in the bacteriophage lytic cycle.  Double-stranded DNA phages use a 2-component lysis 
system, the holin-endolysin system, to optimize lysis timing.  The holin, a small 
membrane protein, accumulates harmlessly in the membrane until, at a genetically 
programmed timed, it suddenly triggers to form “holes” in the membrane.  This allows 
the endolysin, a muralytic enzyme and the second component of the system, to escape 
into the periplasm, where subsequent cell wall degradation leads to lysis.  The best 
characterized holin gene to date is the S gene of bacteriophage λ, which has been studied 
as the effector of lysis since its discovery in 1967.  The work in this dissertation has built 
on the previously accumulated knowledge and has made a number of advances.  First, 
the work in this dissertation has shown that: 1) all three transmembrane domains must 
interact to accomplish the hole, and the effects of single amino acid substitutions in the 
TMDs are unpredictable; 2) TMD1 is essential for hole formation and influences the 
strength of interactions between different holin molecules; 3) the N-terminus of S105 
exists the cytoplasm rapidly, and the N-terminus of S107 does not; 4) the alternative 
topology of S107 makes it a triggerable antiholin, and deleting TMD1 from S105 creates 
an untriggerable antiholin; 5) both the strength of the interaction between holin and 
antiholin and the ratio of holin to antiholin are important for the scheduling of lysis; 6) 
prior to triggering, S105ΦGFP is evenly distributed in the membrane and after triggering 
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forms multiple rafts of multiple sizes in the inner membrane; 7) the large rafts form 
rapidly and appear at or just before the time of lysis; 8) the rafts formed by S105ΦGFP 
are stable and immobile; and 9) the rafts formed by S105ΦGFP and S105 are very large 
and can be isolated. 
 
Defining the surface of the S hole 
Although the mutational analysis presented in this dissertation revealed that all 
three TMDs must interact to form the hole, there is still little known about the 
arrangement of the TMDs in the hole forming complex.  Recently, Pang et al. (51) 
showed, using a collection of single cysteine mutants, that the hole facing residues of the 
S68 holin from phage 21 could be identified using the membrane-impermeable cysteine-
modifying reagent, (2-sulfonatoethyl)-methanethiosulfaonate (MTSES) followed by 
PEGylation with maleimide-PEG5000.  In this assay, cysteines that are available for 
modification by MTSES must be exposed to the aqueous environment; thus, residues in 
the TMDs are only exposed if they face the hole.  Residues that are modified by MTSES 
are unavailable for modification by maleimide-PEG5000.  Therefore, residues that get 
PEGylated face the lipid and those that do not face the hole.    A similar study with S105 
should be conducted in order to determine the regions of each TMD that face the hole.  
This assay requires that the single cysteine mutants forms holes, and a number of the 
previously characterized single-cysteine mutants are non-lytic and therefore do not form 
holes (36-37).  Because of this, more single-cysteine mutants still need to be created so 
that there are lytic alleles representing all faces of all three TMDs.  Once this collection 
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is created, it can also be used for cysteine-specific crosslinking to probe the TMD 
interactions in the hole forming complex as well. 
 
Visualizing the S hole 
  Although the studies presented in this dissertation show that S105 forms rafts 
rapidly just prior to or at the time of triggering, a more detailed structure of the rafts 
needs to be obtained.  Recently, Savva et al. (67) showed that S105 forms rings in 
detergent in vitro, and that the ability to form rings in detergent correlates with the 
ability to form holes in vivo, although it is not known if the rings themselves form in 
vivo.  Attempts to isolate the rafts were successful, although attempts to visualize the 
rafts via transmission electron microscopy were not.  Attempts to improve the raft 
isolation method are currently underway.  Cryo-electron tomography will be employed 
in an attempt to visualize the lesions in whole cells.  Combined with the single-cysteine 
mutant experiments listed above, these experiments should give a clear picture of the 
structure of the S hole complex. 
 
Determining the triggering event 
Despite these advances in the study of S, questions about the triggering event 
remain.  We have previously equated “triggering” with hole formation, but these may be 
separate events.  The fluorescence microscopy data indicate that S105 is distributed 
throughout the membrane until just before or at the time of lysis, when large rafts rapidly 
form.  These results indicate that the triggering event may be the formation of these large 
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rafts, and that hole formation follows almost instantaneously. This notion is supported 
by the mathematical model, which says that the rate limiting step in creating a hole is the 
formation of large rafts and that hole formation proceeds very rapidly afterwards (65).  
Additionally, mathematical modeling of hole formation indicates that artificially 
depleting the pmf strengthens holin-holin interactions, leading to the nucleation of rafts 
(65).  Preliminary results in localization studies of S107*ΦGFP show that it is evenly 
distributed throughout the membrane for more than 2 hours after induction; treating the 
cells with energy poisons results in rapid conversion of the distributed fluorescence to 
large rafts (data not shown).  This also indicates that triggering may be the formation of 
the large rafts.  Further investigations of the triggering event are required, and future 
experiments could utilize S107*ΦGFP since it is not lytic until triggered artificially by 
energy poisons.  Experiments similar to the ones performed by Gründling et al. (38) 
using S105ΦGFP fusions may also help to elucidate the nature of the triggering event. 
What does the S hole look like in the membrane of E. coli? What is the structure 
of the hole?  How are the TMDs arranged in the hole forming complex?  What is 
triggering?  These questions and others will arise as we continue to study the S protein 
and hole formation. 
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APPENDIX A 
 
PRIMERS  
 
Primer Sequence (mutations underlined and in bold) 
A12T For AAACATGACCTGTTGGCCACGATTCTCGCGGCAAAGGAA 
A12T Rev TTCCTTTGCCGCGAGAATCGTGGCCAACAGGTCATGTT 
A16N For GGCCGCCATTCTCGCGAATAAGGAACAAGGCATCGGGGC 
A16N Rev GGCCCGATGCCTTGTTCCTTATTCGCGAGAATGGCGGCC 
E18K For CCGCCATTCTCGCGGCAAAGAAACAAGGCATCGGGC 
E18K Rev GCCCCGATGCCTTCTTTCTTTGCCGCGAGAATGGCGG 
I21T For CGCGGCAAAGGAACAAGGCACCGGGGCAATCCTTGCGTTTGCAATGGC 
I21T Rev GCCATTGCAAACGCAAGGATTGCCCCGGTGCCTTGTTCCTTTGCCGCG 
G22E For GGCAAAGGAACAAGGCATCGAGGCAATCCTTGCGTTTGCAATGGCG 
G22E Rev CGCCATTGCAAACGCAAGGATTGCCTCGATGCCTTGTTCCTTTGCC 
G22R For GGCAAAGGAACAAGGCATCAGGGCAATCCTTGCGTTTGCAATGGCG 
G22R Rev CGCCATTGCAAACGCAAGGATTGCCCTGATGCCTTGTTCCTTTGCC 
G22W For GGCAAAGGAACAAGGCATCTGGGCAATCCTTGCGTTTGCAATGGCG 
G22W Rev CGCCATTGCAAACGCAAGGATTGCCCAGATGCCTTGTTCCTTTGCC 
A23T For GGAACAAGGCATCGGGACAATCCTTGCGTTTGCAATGG 
A23T Rev CCATTGCAAACGCAAGGATTGTCCCGATGCCTTGTTCC 
A23V For GGCAAAGGAACAAGGCATCGGGGTAATCCTTGCGTTTGCAATGGCG 
A23V Rev CGCCATTGCAAACGCAAGGATTACCCCGATGCCTTGTTCCTTTGCC 
L25G For CAAGGCATCGGGGCAATCGGCGCGTTTGCAATGGCGTAC 
L25G Rev GTACGCCATTGCAAACGCGCCGATTGCCCCGATGCCTTG 
L25V For GGAACAAGGCATCGGGGCAATCGTTGCGTTTGCAATGGCGTACC 
L25V Rev GGTACGCCATTGCAAACGCAACGATTGCCCCGATGCCTTGTTCC 
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A28T For CGGGGCAATCCTTGCGTTTACAATGGCGTACCTTCGCGGC 
A28T Rev GCCGCGAAGGTACGCCATTGTAAACGCAAGGATTGCCCCG 
M29I For GGCAATCCTTGCGTTTGCAATAGCGTACCTTCGCGGC 
M29I Rev GCCGCGAAGGTACGCTATTGCAAACGCAAGGATTGCC 
A30S For GGCAATCCTTGCGTTTGCAATGTCGTACCTTCGCGGC 
A30S Rev GCCGCGAAGGTACGACATTGCAAACGCAAGGATTGCC 
A30V For GCAATCCTTGCGTTTGCAATGGTGTACCTTCGCGGCAGATATAATGGC 
A30V Rev GCCATTATATCTGCCGCGAAGGTACACCATTGCAAACGCAAGGATTGC 
Y31I For CTTGCGTTTGCAATGGCGATACTTCGCGGCAGATATAAT 
Y31I Rev ATTATATCTGCCGCGAAGTATCGCCATTGCAAACGCAAG 
R33C For GCGTTTGCAATGGCGTACCTTTGCGGCAGATATAATGGCGGTGCG 
R33C Rev CGCACCGCCATTATATCTGCCGCAAAGGTACGCCATTGCAAACGC 
R33H For GCGTTTGCAATGGCGTACCTTCACGGCAGATATAATGGCGGTGCG 
R33H Rev CGCACCGCCATTATATCTGCCGTGAAGGTACGCCATTGCAAACGC 
R33L For GCGTTTGCAATGGCGTACCTTCTCGGCAGATATAATGGCGGTGCG 
R33L Rev CGCACCGCCATTATATCTGCCGAGAAGGTACGCCATTGCAAACGC 
G34S For GCAATGGCGTACCTTCGCAGCAGATATAATGGCGGTGCG 
G34S Rev CGCACCGCCATTATATCTGCTGCGAAGGTACGCCATTGC 
G38S For CGCGGCAGATATAATAGCGGTGCGTTTACAAAAACAG 
G38S Rev CTGTTTTTGTAAACGCACCGCTATTATATCTGCCGCG 
D47Y For GCGTTTACAAAAACAGTAATCTACGCAACGATGTGCGCCATTATCG 
D47Y Rev CGATAATGGCGCACATCGTTGCGTAGATTACTGTTTTTGTAAACGC 
A48T For CAAAAACAGTAATCGACACAACGATGTGCGCA 
A48T Rev TGGCGCACATCGTTGTGTCGATTACTGTTTTTG 
A48V For CAAAAACAGTAATCGACGTAACGATGTGCGCA 
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A48V Rev TGGCGCACATCGTTCCGTCGATTACTGTTTTTG 
M50A For CAGTAATCGACGCAACGGCGTGCGCCATTATCGCCTGG 
M50A Rev CCAGGCGATAATGGCGCACGCCGTTGCGTCGATTACTG 
M50G For ACAGTAATCGACGCAACGGGATGCGCCATTATCGCCTGG 
M50G Rev CCAGGCGATAATGGCGCATCCCGTTGCGTCGATTACTGT 
M50I For GTAATCGACGCAACGATATGCGCCATTATCGCC 
M50I Rev GGCGATAATGGCGCATATCGTTGCGTCGATTAC 
C51A For CAGTAATCGACGCAACGATGGCCGCCATTATCGCCTGG 
C51A Rev CCAGGCGATAATGGCGGCCATCGTTGCGTCGATTACTG 
C51D For CAGTAATCGACGCAACGATGGATGCCATTATCGCCTGG 
C51D Rev CCAGGCGATAATGGCATCCATCGTTGCGTCGATTACTG 
C51E For CAGTAATCGACGCAACGATGGAAGCCATTATCGCCTGG 
C51E Rev CCAGGCGATAATGGCTTCCATCGTTGCGTCGATTACTG 
C51F For CAGTAATCGACGCAACGATGTTTGCCATTATCGCCTGG 
C51F Rev CCAGGCGATAATGGCAAACATCGTTGCGTCGATTACTG 
C51G For CAGTAATCGACGCAACGATGGGTGCCATTATCGCCTGG 
C51G Rev CCAGGCGATAATGGCACCCATCGTTGCGTCGATTACTG 
C51H For CAGTAATCGACGCAACGATGCATGCCATTATCGCCTGG 
C51H Rev CCAGGCGATAATGGCATGCATCGTTGCGTCGATTACTG 
C51I For CAGTAATCGACGCAACGATGATCGCCATTATCGCCTGG 
C51I Rev CCAGGCGATAATGGCGATCATCGTTGCGTCGATTACTG 
C51K For CAGTAATCGACGCAACGATGAAAGCCATTATCGCCTGG 
C51K Rev CCAGGCGATAATGGCTTTCATCGTTGCGTCGATTACTG 
C51L For CAGTAATCGACGCAACGATGCTCGCCATTATCGCCTGG 
C51L Rev CCAGGCGATAATGGCGAGCATCGTTGCGTCGATTACTG 
C51M For CAGTAATCGACGCAACGATGATGGCCATTATCGCCTGG 
C51M Rev CCAGGCGATAATGGCCATCATCGTTGCGTCGATTACTG 
C51N For CAGTAATCGACGCAACGATGAATGCCATTATCGCCTGG 
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C51N Rev CCAGGCGATAATGGCATTCATCGTTGCGTCGATTACTG 
C51P For CAGTAATCGACGCAACGATGCCCGCCATTATCGCCTGG 
C51P Rev CCAGGCGATAATGGCGGGCATCGTTGCGTCGATTACTG 
C51Q For CAGTAATCGACGCAACGATGCAAGCCATTATCGCCTGG 
C51Q Rev CCAGGCGATAATGGCTTGCATCGTTGCGTCGATTACTG 
C51R For CGACGCAACGATGCGCGCCATTATCGCC 
C51R Rev GGCGATAATGGCGCGCATCGTTGCGTCG 
C51S For CAGTAATCGACGCAACGATGAGCGCCATTATCGCCTGG 
C51S Rev CCAGGCGATAATGGCGCTCATCGTTGCGTCGATTACTG 
C51T For CAGTAATCGACGCAACGATGACAGCCATTATCGCCTGG 
C51T Rev CCAGGCGATAATGGCTGTCATCGTTGCGTCGATTACTG 
C51V For CAGTAATCGACGCAACGATGGTGGCCATTATCGCCTGG 
C51V Rev CCAGGCGATAATGGCCACCATCGTTGCGTCGATTACTG 
C51W For CAGTAATCGACGCAACGATGTGGGCCATTATCGCCTGG 
C51W Rev CCAGGCGATAATGGCCCACATCGTTGCGTCGATTACTG 
C51Y For CAGTAATCGACGCAACGATGTACGCCATTATCGCCTGGTTCATTCG 
C51Y Rev CGAATGAACCAGGCGATAATGGCGTACATCGTTGCGTCGATTACTG 
A52C For CAGTAATCGACGCAACGATGTGCTGTATTATCGCCTGGTTCATTCG 
A52C Rev CGAATGAACCAGGCGATAATACAGCACATCGTTGCGTCGATTACTG 
A52D For CAGTAATCGACGCAACGATGTGCGATATTATCGCCTGGTTCATTCG 
A52D Rev CGAATGAACCAGGCGATAATATCGCACATCGTTGCGTCGATTACTG 
A52E For CAGTAATCGACGCAACGATGTGCGAAATTATCGCCTGGTTCATTCG 
A52E Rev CGAATGAACCAGGCGATAATTTCGCACATCGTTGCGTCGATTACTG 
A52F For CAGTAATCGACGCAACGATGTGCTTCATTATCGCCTGGTTCATTCG 
A52F Rev CGAATGAACCAGGCGATAATGAAGCACATCGTTGCGTCGATTACTG 
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A52G For CGACGCAACGATGTGCGGCATTATCGCCTGGTTC 
A52G Rev GAACCAGGCGATAATGCCGCACATCGTTGCGTCG 
A52H For CAGTAATCGACGCAACGATGTGCCATATTATCGCCTGGTTCATTCG 
A52H Rev CGAATGAACCAGGCGATAATATGGCACATCGTTGCGTCGATTACTG 
A52I For CAGTAATCGACGCAACGATGTGCATCATTATCGCCTGGTTCATTCG 
A52I Rev CGAATGAACCAGGCGATAATGATGCACATCGTTGCGTCGATTACTG 
A52K For CAGTAATCGACGCAACGATGTGCAAAATTATCGCCTGGTTCATTCG 
A52K Rev CGAATGAACCAGGCGATAATTTTGCACATCGTTGCGTCGATTACTG 
A52L For CGCAACGATGTGCCTCATTATCGCCTGG 
A52L Rev CCAGGCGATAATGAGGCACATCGTTGCG 
A52M For CAGTAATCGACGCAACGATGTGCATGATTATCGCCTGGTTCATTCG 
A52M Rev CGAATGAACCAGGCGATAATCATGCACATCGTTGCGTCGATTACTG 
A52N For CAGTAATCGACGCAACGATGTGCAACATTATCGCCTGGTTCATTCG 
A52N Rev CGAATGAACCAGGCGATAATGTTGCACATCGTTGCGTCGATTACTG 
A52P For CAGTAATCGACGCAACGATGTGCCCAATTATCGCCTGGTTCATTCG 
A52P Rev CGAATGAACCAGGCGATAATTGGGCACATCGTTGCGTCGATTACTG 
A52Q For CAGTAATCGACGCAACGATGTGCCAGATTATCGCCTGGTTCATTCG 
A52Q Rev CGAATGAACCAGGCGATAATCTGGCACATCGTTGCGTCGATTACTG 
A52R For CAGTAATCGACGCAACGATGTGCAGAATTATCGCCTGGTTCATTCG 
A52R Rev CGAATGAACCAGGCGATAATTCTGCACATCGTTGCGTCGATTACTG 
A52S For CAGTAATCGACGCAACGATGTGCAGCATTATCGCCTGGTTCATTCG 
A52S Rev CGAATGAACCAGGCGATAATGCTGCACATCGTTGCGTCGATTACTG 
A52T For CAGTAATCGACGCAACGATGTGCACAATTATCGCCTGGTTCATTCG 
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A52T Rev CGAATGAACCAGGCGATAATTGTGCACATCGTTGCGTCGATTACTG 
A52V For CGACGCAACGATGTGCGTCATTATCGCCTGGTTCATTCG 
A52V Rev CGAATGAACCAGGCGATAATGACGCACATCGTTGCGTCG 
A52W For CAGTAATCGACGCAACGATGTGCTGGATTATCGCCTGGTTCATTCG 
A52W Rev CGAATGAACCAGGCGATAATCCAGCACATCGTTGCGTCGATTACTG 
A52Y For CAGTAATCGACGCAACGATGTGCTACATTATCGCCTGGTTCATTCG 
A52Y Rev CGAATGAACCAGGCGATAATGTAGCACATCGTTGCGTCGATTACTG 
I53Y For GACGCAACGATGTGCGCCTATATCGCCTGGTTCATTCGT 
I53Y Rev ACGAATGAACCAGGCGATATAGGCGCACATCGTTGCGTC 
A55T For CGATGTGCGCCATTATCACCTGGTTCATTCGTGACC 
A55T Rev GGTCACGAATGAACCAGGTGATAATGGCGCACATCG 
W56S For CGATGTGCGCCATTATCGCCAGTTTCATTCGTGACCTTCTCG 
W56S Rev CGAGAAGGTCACGAATGAAACTGGCGATAATGGCGCACATCG 
W56Y For CGATGTGCGCCATTATCGCCTATTTCATTCGTGACCTTCTCG 
W56Y Rev CGAGAAGGTCACGAATGAAATAGGCGATAATGGCGCACATCG 
Sam7 For CGATGTGCGCCATTATCGCCTAGTTCATTCGTGACCTTCTCG 
Sam7 Rev CGAGAAGGTCACGAATGAACTAGGCGATAATGGCGCACATCG 
R59C For GCCATTATCGCCTGGTTCATTTGTGACCTTCTCGACTTCGCCGG 
R59C Rev CCGGCGAAGTCGAGAAGGTCACAAATGAACCAGGCGATAATGGC 
R59H For GCCATTATCGCCTGGTTCATTCATGACCTTCTCGACTTCGCCGG 
R59H Rev CCGGCGAAGTCGAGAAGGTCATGAATGAACCAGGCGATAATGGC 
R59L For GCGCCATTATCGCCTGGTTCATTCTTGACCTTCTCGACTTCGCCGG 
R59L Rev CCGGCGAAGTCGAGAAGGTCAAGAATGAACCAGGCGATAATGGCGC 
D60N For GCCATTATCGCCTGGTTCATTCGTAACCTTCTCGACTTCGCCGG 
D60N Rev CCGGCGAAGTCGAGAAGGTTACGAATGAACCAGGCGATAATGGC 
L62F For GCCTGGTTCATTCGTGACCTTTTCGACTTCGCCGGACTAAGTAGC 
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L62F Rev GCTACTTAGTCCGGCGAAGTCGAAAAGGTCACGAATGAACCAGGC 
G66E For GACCTTCTCGACTTCGCCGAGCTAAGTAGCAATCTCGCT 
G66E Rev AGCGAGATTGCTACTTAGCTCGGCGAAGTCGAGAAGGTC 
L71F For GCCGGACTAAGTAGCAATTTCGCTTATATAACGAGCGTGTTTATCGGC 
L71F Rev GCCGATAAACACGCTCGTTATATAAGCGAAATTGCTACTTAGTCCGGC 
A72C For /Phos/AATCTCTGCTATATAACGAGCGTG 
A72C Y73C 
Rev GCTACTTAGTCCGGCGAAG 
Y73C For /Phos/AATCTCGCTTGCATAACGAGCGTGTTTATCGGC 
Y73F For CGGACTAAGTAGCAATCTCGCTTTCATAACGAGCGTGTTTATCGGC 
Y73F Rev GCCGATAAACACGCTCGTTATGAAAGCGAGATTGCTACTTAGTCCG 
Y73T For CGGACTAAGTAGCAATCTCGCTACCATAACGAGCGTGTTTATCGGC 
Y73T Rev GCCGATAAACACGCTCGTTATGGTAGCGAGATTGCTACTTAGTCCG 
T75C For GCAATCTCGCTTATATATGCAGCGTGTTTATCGGC 
T75C Rev GCCGATAAACACGCTGCATATATAAGCGAGATTGC 
S76C For GCAATCTCGCTTATATAACGTGCGTGTTTATCGGCTACATCGG 
S76C Rev CCGATGTAGCCGATAAACACGCACGTTATATAAGCGAGATTGC 
V77T For CTCGCTTATATAACGAGCACCTTTATCGGCTACATCGGT 
V77T Rev ACCGATGTAGCCGATAAAGGTGCTCGTTATATAAGCGAG 
F78G For GCAATCTCGCTTATATAACGAGCGTGGGGATCGGCTACATCGGTACTGACTCG 
F78G Rev CGAGTCAGTACCGATGTAGCCGATCCCCACGCTCGTTATATAAGCGAGATTGC 
I79C For /Phos/AGCGTGTTTTGCGGCTACATCGGTACTGACTCG 
I79C G80C 
Rev CGTTATATAAGCGAGATTGC 
G80C For /Phos/AGCGTGTTTATCTGCTACATCGGTACTGACTCG 
G80S For CGCTTATATAACGAGCGTGTTTATCAGCTACATCGGTACTGACTCG 
G80S Rev CGAGTCAGTACCGATGTAGCTGATAAACACCGTCGTTATATAAG
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CG 
G83D For CGTGTTTATCGGCTACATCGATACTGACTCGATTGGTTCG 
G83D Rev CGAACCAATCGAGTCAGTATCGATGTAGCCGATAAACACG 
G83I For GTGTTTATCGGCTACATCATCACTGACTCGATTGGTTCG 
G83I Rev CGAACCAATCGAGTCAGTGATGATGTAGCCGATAAACAC 
I87Y For TACATCGGTACTGACTCGTATGGTTCGCTTATCAAACGC 
I87Y Rev GCGTTTGATAAGCGAACCATACGAGTCAGTACCGATGTA 
G88K For CATCGGTACTGACTCGATTAAATCGCTTATCAAACGCTCGC 
G88K Rev GCGAGCGTTTGATAAGCGATTTAATCGAGTCAGTACCGATG 
A99C For CGCTTCGCTGCTAAAAAATGCGGAGTAGAAGATGG 
A99C Rev CCATCTTCTACTCCGCATTTTTTAGCAGCGAAGCG 
V101T For GCTGCTAAAAAAGCCGGAACCGAAGATGGTAGAAATCAA 
V101T Rev TTGATTTCTACCATCTTCGGTTCCGGCTTTTTTAGCAGC 
Y31 For TACCTTCGCGGCAGATATAATGGCGG 
D8 Rev GTCATGTTTTTCTGGCATCTTCAGG 
SS-S107 For /Phos/TCTCTTTTATTTCTATTCTCGAGTGCGTATGCGATGAAGATGCCAGAAAAACATGACCTGTTGGCC 
SS-S107 Rev AATGAAAGTTACCCACTTCATATGTATATGTCCTTCTTGCTCTATTTAATTAGGAATAAG 
sdi SS-S107 
For 
CCTAATTAAATAGAGCAAATCCCCTTATTGGGGGTAAGACATGA
AGTGGGTAACTTTC 
sdi SS-S107 
Rev 
GAAAGTTACCCACTTCATGTCTTACCCCCAATAAGGGGATTTGC
TCTATTTAATTAGG 
NdeI SS-
S107 For GGCGCGGCCATATGAAGTGGGTAACTTTCATTTC 
BamHI SS-
S107 Rev GCGACAGGATCCTTATTGATTTCTACCATCTTC 
SEcoRI For TCCTGAATTCATTAGTAATAGTTAC 
SxRGFP For CCGGAGTAGAAGACGGTAGAAATCAACCCGGGAGTAAAGGAGAAGAACTTTTCACTGG 
SxRGFP For-
RC 
CCAGTGAAAAGTTCTTCTCCTTTACTCCCGGGTTGATTTCTACC
GTCTTCTACTCCGG 
GFP 
ClaI/XhoI 
Rev 
CAGCTTATAATCGATATGGGCCTCGAGCCTGCAGTTATTTGTAT
AGTTCATCCATGCC 
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9aa Linker 
For 
GGGGCTAGCAGTGGAGCAGGTGGGAGTAAAGGAGAAGAACTTTT
CACTGG 
9aa Linker 
Rev GGGTTGATTTCTACCGTCTTCTACTCCGGC 
12aa Linker 
For GGGAGTAAAGGAGAAGAACTTTTCACTGG 
12aa Linker 
Rev 
AACTGCACTTCCGCTAGCTGCTCCAGCACTCCCGGGTTGATTTC
TACCGTCTTCTACTCC 
20aa Linker 
For GGGGCAAGCAGTGGGGCCGGCGGAAGTGCTGGAGCAGCTAGCGG 
30aa Linker 
For 
GGGAGCGCAAGTGGCGCCGCGGGAGCTGGTAGTGCAAGCAGTGG
GGCCGGCGG 
GFP A206K 
For CCTGTCCACACAATCTAAGCTTTCCAAAGATCCC 
GFP A206K 
Rev GGGATCTTTGGAAAGCTTAGATTGTCTGGACAGG 
R XhoI For CCGCCGCTCGAGGCTAAAAAAGCCGGAGTA 
30aa 
CherryFP 
For 
GGAGCAGCTAGCGGAAGTGCAGGTGGGAGCAAGGGCGAGGAGGA
TAACATGG 
30aa 
CherryFP 
ForRC 
CCATGTTATCCTCCTCGCCCTTGCTCCCACCTGCACTTCCGCTA
GCTGCTCC 
CherryFP 
Rev 
GCCACCTGACGTCTAAATCGATTCGGCAACTCGAGTTACTTGTA
CAGCTCG 
BamHI pS105 
Rev CCCCGGGATCCAAAAGTGCCACCTGACGTCTAAGAAACC 
pS105 ClaI 
Rev TTGACAGCTTATCATCGATATG 
mid-GFP Seq CTCACACAATGTATACATCATGGC 
2-AatII For CCAGAAATCATGGTTATGATGTCATTGTAGGCGGAGAGC 
2-AatII Rev GCTCTCCGCCTACAATGCCATCATAACCATGATTTCTGG 
Lys Cas Rev TGCTCACAATAATTGCATGAGT 
Ram54 KpnI 
For GCTGGCGTGGTCGGAGGGTACCGATAACGGACGTTAGAAAAC 
Ram54 KpnI 
Rev GGTTTTCTAACGTCCGTTATCGGTACCCTCCGACCACGCCAGC 
RevBor AAAGCATCGGGAATAACACCATGA 
lbdRSeqFor TTCTCGACTTCGCCGGACTAAG 
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gal attB 
For (SPP 
primer 1) 
GAGGTACCAGCGCGGTTTGATC 
lbd attP 
For (SPP 
primer 2) 
TTTAATATATTGATATTTATATCATTTTACGTTTCTCGTTC 
lb dint Rev 
(SPP primer 
3) 
ACTCGTCGCGAACCGCTTTC 
lbd S Seq 
For CCGTTTTGCCCGTGCATATCGG 
S Seq 350 GCAGGACCGGATCACCAAATGCG 
PstI PR’ 
For GGCGCCCTGCAGGAAGGAAATACTAAGGCAAAGG 
XhoI PR’ 
For GGCGGCGGCTCGAGCCATGGTACAGGCCGTGCG 
lbd PR’ seq 
For ATGCCAGCAAGCGCAGCATATCGCG 
-130bp S 
EcoRI For GGTTAGCCAGTGCTCTTTCCG 
+150bp 
pS105 ClaI 
Rev 
TAGGGGTTCCGCGCACATTTCC 
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